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Title  of  Dissertation:  Platelet-derived  growth  factor-BB  stimulates  fibronectin  gene 
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Jing  Zhang,  Doctor  of  philosophy,  1994 


Dissertation  directed  by:  Chu-Shek  Lo,  Ph.D. 

Associate  Professor  of  Physiology 
Department  of  Physiology 

Platelet-Derived  Growth  Factor  (PDGF)  and  fibronectin  are  implicated  in  cell 
proliferation  and  matrix  expansion.  It  is  possible  that  PDGF  stimulates  cell  proliferation 
via  induction  of  fibronectin  synthesis  from  fibroblasts.  Fibroblasts  isolated  from  rat 
thoracic  aorta  were  used  in  these  studies  because  they  produce  a  large  amount  of 
fibronectin.  Therefore,  the  role  of  PDGF-BB  in  fibronectin  gene  expression  in  cultured 
fibroblasts  was  investigated.  Northern  blot  analysis  demonstrated  that  PDGF-BB  induces 
fibronectin  mRNA  in  a  time-and  dose-dependent  manner.  Elevated  fibronectin  mRNA 
levels  were  detected  at  4  hours  and  peaked  at  6  hours  (120%  increase,  PcO.OOl)  after 
PDGF-BB  (20  ng/ml)  treatment.  The  effects  of  actinomycin  D  and  cycloheximide  on 
fibronectin  mRNA  synthesis  in  the  presence  of  PDGF-BB  were  examined.  Actinomycin 
D  blocked  the  fibronectin  mRNA  increase  induced  by  PDGF-BB.  Cycloheximide 
produced  a  greater  increase  in  fibronectin  mRNA  levels.  These  results  suggest 
transcriptional  and  translational  control  by  PDGF-BB.  Slot  blot  and  western  blot  analysis 
demonstrated  a  21%  increase  (P<0.05)  of  fibronectin  levels  in  the  intracellular 
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compartment  8  hours  after  PDGF-BB  (20  ng/ml)  treatment  and  a  20%  increase  (P<0.01) 
in  the  cell  culture  medium  12  hours  after  PDGF-BB  (20  ng/ml)  addition.  PDGF-BB 
produced  a  dose-dependent  increase  of  intracellular  fibronectin  levels  and  fibronectin 
secretion  into  the  cell  culture  medium.  Insulin-like  growth  factor-I  (IGF-I)  also  regulates 
cell  proliferation.  Since  PDGF  and  IGF-I  stimulate  cell  proliferation  individually,  the 
interaction  between  PDGF-BB  and  IGF-I  was  examined.  PDGF-BB  acted  synergistically 
with  IGF-I  on  the  stimulation  of  fibronectin  mRNA  (276%  increase,  P<0.001)  and 
fibronectin  levels  (1 15%  increase,  PcO.OOl)  after  exposure  of  cell  cultures  to  both  growth 
factors  (20  ng/ml  each)  simultaneously.  These  studies  suggest  that  PDGF-BB  may  have 
a  regulatory  effect  on  fibronectin  gene  expression.  The  interaction  between  growth 
factors  and  matrix  proteins  may  play  a  role  in  smooth  muscle  cell  proliferation  and 
extracellular  matrix  expansion. 
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SPECIFIC  AIMS 


Hypertension  and  atherosclerosis  are  characterized  by  smooth  muscle  cell 
proliferation  and  extracellular  matrix  expansion.  The  molecular  mechanisms  causing  these 
pathologic  changes  are  not  clear.  This  research  will  investigate  the  role  of  platelet- 
derived  growth  factor  (PDGF)  in  stimulating  fibronectin  gene  expression  in  rat  thoracic 
aortic  fibroblasts.  The  interaction  between  growth  factors  and  extracellular  matrix 
proteins  may  be  responsible  for  the  smooth  muscle  cell  proliferation  and  extracellular 
matrix  expansion.  Specific  aims  of  this  research  are  to  examine 

(1)  whether  PDGF-BB  affects  fibronectin  mRNA  levels  in  primary  cultured 
fibroblasts  isolated  from  rat  thoracic  aortae; 

(2)  whether  PDGF  affects  fibronectin  levels; 

(3)  the  interaction  of  PDGF-BB  and  IGF-I  on  stimulating  fibronectin  gene 
expression. 

This  research  will  examine  how  PDGF-BB  regulates  fibronectin  which  could 
mediate  cell  proliferation  and  matrix  expansion  in  the  cardiovascular  system.  Further,  it 
will  help  to  reveal  the  molecular  mechanisms  of  hypertension  and  atherosclerosis. 
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SIGNIFICANCE 


Hypertension  and  atherosclerosis,  the  two  major  forms  of  vascular  disease  in  the 
United  States  and  Western  Europe,  share  a  number  of  features.  The  frequency  of  both 
diseases  increases  with  age.  The  risk  of  atherosclerosis  is  greatly  increased  in  individuals 
with  hypertension.  Both  diseases  are  characterized  by  smooth  muscle  cell  proliferation 
and  extracellular  matrix  expansion.  In  atherosclerosis,  the  central  cellular  feature  is 
proliferation  of  smooth  muscle  cells  in  the  arterial  intima  of  larger  arteries.  As  these 
smooth  muscle  lesions  enlarge,  lipid  accumulates,  thrombosis  occurs,  the  lumen  is 
narrowed,  and  patients  die  of  infarction.  In  hypertension,  smooth  muscle  cell  proliferation 
or  hypertrophy  and  extracellular  matrix  deposition  in  small  arteries  results  in  increased 
wall  mass  and  a  narrowed  lumen.  The  small  vessel  change  is  thought  by  some  to  be  the 
reason  of  the  increased  peripheral  resistance  that  causes  high  blood  pressure.  This 
common  role  of  accumulation  of  smooth  muscle  cells  and  matrix  proteins  suggests  that 
control  of  smooth  muscle  cell  proliferation  and  extracellular  matrix  expansion  may  be 
critical  to  both  diseases. 

Smooth  Muscle  Cell  Proliferation  in  Atherosclerosis  and  Hypertension 

Virchow  (1856)  recognized  the  presence  of  cell  proliferation  in  atherosclerosis 
over  a  century  ago.  His  view  of  the  cellular  events  as  a  reaction  to  the  accumulation  of 
toxic  materials  in  the  vessel  wall  was  largely  neglected  while  research  was  directed  at  the 
equally  important  issue  of  lipid  accumulation  in  lesions.  This  began  to  change  in  the 
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latter  part  of  the  1960s  and  early  1970s.  Experimental  evidence  in  animals,  and 
observations  in  humans,  supported  the  idea  that  the  initial  step  in  lesion  formation,  prior 
to  an  increase  in  intimal  lipids,  was  the  formation  of  focal  masses  of  proliferated  smooth 
muscle  cells  in  the  intima  (Ross  et  al.  1976,  Parker  et  al.  1966,  Haust  et  al.  1960).  These 
observations  began  to  lead  to  a  possible  understanding  of  the  mechanism. 

The  major  cellular  participants  in  atherosclerosis  are  monocyte/macrophages, 
vascular  smooth  muscle  cells,  T  lymphocytes,  platelets  and  endothelial  cells.  According 
to  "the  response  to  injury"  hypothesis,  endothelial  cell  dysfunction  is  perhaps  one  of  the 
earliest  events  in  atherosclerosis  (Ross  1986b).  Leukocyte  adhesion  to  the  damaged 
endothelium  and  subsequent  infiltration  into  the  arterial  wall  is  followed  by  their 
activation  and  elaboration  of  various  cytokines  and  growth  factors.  Among  the  factors 
released  by  these  activated  leukocytes  are  substances,  such  as  PDGF  (Ross  et  al.  1990), 
that  have  the  potential  to  initiate  the  migration  of  medial  smooth  muscle  cells  into  the 
neo-intima  and  their  subsequent  proliferation.  During  later  phases  of  plaque  formation, 
endothelial  dysfunction  may  progress  to  endothelial  cell  death  and  detachment.  Exposure 
of  the  underlying  extracellular  matrix  leads  to  platelet  microthrombus  formation  and 
degranulation  with  the  consequential  release  of  platelet  associated  growth  factors  and 
chemotactic  agents. 

The  history  of  our  understanding  of  the  role  of  smooth  muscle  cell  proliferation 
in  hypertension  is  less  clear.  Arteriolar  hypertrophy  in  hypertension  was  described  as 
early  as  1868  by  Johnson,  and  the  concept  that  these  thickened  vessel  walls  might 
increase  peripheral  resistance  was  offered  by  Ewald  in  1877.  These  morphological 
observations  meant  little  until  physiologists  began  to  understand  the  central  role  of  smooth 
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muscle  contractility  in  controlling  resistance  to  flow  through  small  arteries.  Because  only 
a  small  proportion  of  cases  of  hypertension  is  readily  explained  on  the  basis  of  classical 
renal,  adrenal,  or  sympathetic  neural  mechanisms  (Folkow  1982),  abnormal  function  of 
the  arterial  smooth  muscle  cell  must  play  a  central  role.  The  most  obvious  is  that 
hypertension  results  from  a  general  change  in  smooth  muscle  contractility  or 
responsiveness. 

Hypertension  is  a  major  risk  factor  for  strokes,  myocardial  infarction,  and 
peripheral  vascular  disease  (Kannel  and  Sorlie  1975).  Hypertension  can  accelerate 
atherosclerosis  in  experimental  animal  models  as  well  as  in  human  (Chobanian  1983, 
McGill  et  al.  1985).  Hypertension  causes  a  large  number  of  functional  and  morphological 
alterations  in  the  vessel  wall,  including  hypertrophy  and  increased  turnover  of  endothelial 
cells  (Chobanian  1983,  Haudenshild  et  al.  1980),  hypertrophy,  polyploidy,  and  intimal 
migration  of  medial  smooth  muscle  cells  (Chobanian  1983,  Lichtenstein  et  al.  1986), 
adhesion  and  subendothelial  migration  of  blood  mononuclear  cells  (Haudenshild  et  al. 
1980),  and  extracellular  matrix  accumulation  (Chobanian  1983).  The  molecular 
mechanisms  whereby  increased  intravascular  pressure  affects  the  vessel  wall  in  vivo  are 
unknown.  However,  studies  using  cultured  cells  have  indicated  that  a  number  of  different 
polypeptide  growth  factors  can  influence  vascular  cell  function  and  proliferation.  Several 
growth  factors  have  been  shown  to  be  made  in  vitro  by  endothelial  cells  (Ross  et  al. 
1986a,  Sitaras  et  al.  1987,  Gospodarowicz  et  al.  1987),  smooth  muscle  cells 
(Gospodarowicz  et  al.  1987,  Majesky  et  al.  1988,  Winkles  et  al.  1987),  and  blood 
mononuclear  cells  (Ross  et  al.  1986a,  Spom  et  al.  1987,  1988).  Multiple  effects  of 
different  growth  factors  on  these  cell  types  led  to  suggestions  that  complex  autocrine  and 
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paracrine  control  mechanisms  exist  in  vivo  in  vascular  tissue  (Ross  et  al.  1986b,  Spom 
et  al.  1988). 

Growth  Factors  and  Cell  Proliferation 

Growth  factors  are  a  group  of  polypeptides  which  appear  in  both  tissue  and 
blood.  The  role  of  polypeptide  growth  factors  in  stimulating  the  proliferation  of  cells  and 
in  maintaining  their  viability  has  been  increasingly  appreciated.  Growth  factors  also  play 
roles  in  differentiation,  development,  chemotaxis  and  activation  of  inflammatory  cells, 
tissue  repair  and  disease.  Growth  factors  differ  from  hormones  in  that  they  usually  act 
through  paracrine  and  autocrine  mechanisms.  However,  growth  factors  have  been 
identified  in  plasma  and  may  act  as  hormones  as  well.  Growth  factors  are  synthesized 
and  secreted  by  both  normal  and  transformed  cells.  Abnormal  secretion  of  growth  factors 
by  normal  cells  probably  results  in  disease  characterized  by  a  proliferative  cellular 
response  or  by  fibrosis. 

Platelet-derived  Growth  Factor 

Platelet-derived  growth  factor  (PDGF)  was  first  identified  as  a  factor  in  platelets 
which  allowed  the  growth  of  fibroblasts  in  vitro  (Kohler  et  al.  1974).  Further 
characterization  of  this  factor  demonstrated  that  it  is  a  potent  mitogen  for  all  cells  of 
mesenchymal  origin,  including  smooth  muscle  cells  and  glial  cells.  Subsequent 
purification  and  chromatographic  analysis  demonstrated  the  presence  of  two  closely 
related  proteins,  termed  PDGF-I  and  PDGF-II  (Deuel  et  al.  1981).  These  proteins  were 
found  to  be  of  similar  size  and  amino-acid  composition  and  to  possess  similar  mitogenic 
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properties,  but  differed  only  in  the  extent  of  glycosylation.  PDGF-I  is  about  30  kD  and 
contains  about  7%  carbohydrate.  PDGF-II  is  about  28  kD  and  contains  about  4% 
carbohydrate. 

The  structure  and  isoforms.  PDGF  is  a  dimeric  polypeptide  consisting  of  two 
disulfide  linked  chains,  termed  A  and  B  (Johnsson  et  al.  1984).  The  A  and  B  chains  of 
PDGF  are  56%  identical  to  each  other  throughout  the  mature  PDGF  molecule  (Betsholtz 
et  al.  1986).  The  B-chain  of  PDGF  is  encoded  by  the  c-sis  protooncogene  which  is  the 
normal  cellular  homologue  of  the  transforming  oncogene  of  the  simian  sarcoma  virus 
(Waterfield  et  al.  1983,  Doolittle  et  al.  1983,  Johnsson  et  al.  1984).  The  human  A  chain 
is  encoded  on  chromosome  7  (Betsholtz  et  al.  1 986),  while  the  human  B  chain  is  encoded 
on  chromosome  22  (Swan  et  al.  1982),  and  these  two  genes  are  often  expressed 
independently  of  each  other  (Alitalo  et  al.  1987,  Papayannopoulou  et  al.  1987). 
Independent  regulation  of  expression  of  the  A  and  the  B  chains  allows  the  production  of 
at  least  three  different  PDGF-related  molecules,  the  A-A  and  the  B-B  homodimers,  and 
also  the  A-B  heterodimer.  Other  modifications,  including  differential  proteolysis  and 
glycosylation  can  potentially  give  rise  to  an  entire  spectrum  of  PDGF-related  proteins. 
Human  platelet  PDGF  is  thought  to  be  an  A-B  heterodimer  (Stroobant  et  al.  1984).  The 
presence  of  multiple  forms  of  closely  related  molecules  raises  the  possibility  that  the 
individual  PDGF-related  proteins  are  tailored  to  specific  physiological  roles. 


Biological  activity.  PDGF  is  an  extraordinarily  potent  mitogen  for  most 
mesenchymally  derived  connective-tissue-forming  cells.  After  exposure  to  fibroblasts, 


smooth  muscle,  or  glial  cells,  PDGF  induces  increased  thymidine  incorporation  within  12 
to  16  hours  (maximal  by  24  hours)  and  leads  to  cell  doubling  between  30  and  36  hours 
(Ross  et  al.  1987).  Functionally,  PDGF  also  appears  to  play  a  significant  role  in  a 
number  of  other  biological  processes,  including  vasoconstriction,  chemotaxis,  stimulating 
collagen  and  collagenase  synthesis,  and  calcium  mobilization  (Berk  et  al.  1986,  Hart  et 
al.  1988,  Chan  et  al.  1987,  Berridge  et  al.  1984,  Rose  et  al.  1986a). 

The  PDGF  receptors.  The  PDGF  receptor  was  first  identified  as  a  180-  to  190- 
kD  membrane  glycoprotein  by  the  covalent  cross-linking  of  l25I-labeled  PDGF  (AB 
heterodimer  form)  to  intact  cells  (Glenn  et  al.  1982)  or  to  membrane  preparations 
(Williams  et  al.  1984).  The  receptor  can  be  found  on  vascular  smooth  muscle  cells, 
fibroblasts,  and  glial  cells,  but  is  not  present  on  endothelial  cells  or  on  most  hematopoietic 
cells.  The  PDGF  receptor  belongs  to  a  subfamily  of  tyrosine  kinase  receptors  that 
includes  the  insulin  receptor,  epidermal  growth  factor  receptor,  colony-stimulating  factor-I 
receptor,  and  insulin-like  growth  factor  receptor.  The  structure  of  the  PDGF  receptor  is 
very  close  to  that  of  the  CSF-I  receptor  (Rossel  et  al.  1987)  and  c-kit  protooncogene  (Qiu 
et  al.  1988)  (Fig.  1).  The  most  striking  structural  features  are  the  organization  of  the 
extracellular  region  into  five  immunoglobulin-like  domains,  D,  to  Ds.  The  other 
distinctive  characteristic  of  this  class  of  receptors  is  that  there  is  a  large  region  that 
interrupts  the  coding  sequence  of  the  tyrosine  kinase  domain  (Yarden  et  al. 
1986).  This  large  region  is  called  the  "kinase  insert"  (KI)  region  of  the  receptor.  The 
KI  region  of  the  PDGF  receptor,  CSF-I  receptor,  and  c-kit  protein  are  different  in  specific 
sequences  and  length,  but  are  found  at  precisely  the  same  location  within  their  respective 
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Figure  1.  The  structure  of  PDGF  receptor  (Williams  1989) 

kinase  domains.  It  is  possible  that  the  KI  sequences  represent  a  structural  "excursion" 
from  the  sequences  that  actually  form  the  active  site  of  the  kinase.  The  cytoplasmic 
region  contains  sequences  homologous  to  other  tyrosine  kinases.  The  other  features  of 
the  PDGF  receptor  are  the  presence  of  a  single  membrane-spanning  segment  and  a 
"juxtamembrane"  region  that  connects  the  first  kinase  domain  with  the  transmembrane 
domain  (Yarden  et  al.  1986).  Little  is  known  about  the  juxtamembrane  region  except 
that  its  length  of  approximately  47  amino  acids  is  highly  conserved  among  the  receptor 
tyrosine  kinases.  The  carboxyl-terminal  domain  of  the  PDGF  receptor  is  distinctive  in 
sequence  but  has  no  easily  predictable  structure,  and  its  function  is  also  unknown. 

It  has  been  demonstrated  that  there  are  two  distinct  PDGF  receptors,  a -PDGF 
receptor  (a-PDGFR)  and  B-PDGF  receptor  (B-PDGFR).  They  are  coded  by  different 


genes,  and  usually  expressed  at  the  same  time  (Matsui  et  al  1989).  The  PDGF  isoforms 
bind  with  different  affinities  to  two  distinct  cell  surface  receptors  (Fig.  2).  The  PDGF  a- 
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Figure  2.  The  PDGF  isoforms  bind  with  two  receptors  (Matsui  1991) 
receptor  binds  all  three  isoforms  with  high  affinity,  while  the  PDGF  B-receptor  binds  only 
PDGF-BB  with  high  affinity  and  PDGF-AB  with  lower  affinity  (Claesson-Welsh  et  al. 
1988,  1989,  Ostman  et  al.  1989).  The  amino  acid  identity  between  the  two  receptors 
varies  from  30%  in  the  extracellular  part  to  87%  in  the  most  N-terminal  part  of  the 
tyrosine  kinase  domain  (Nister  et  al.  1991).  Binding  of  PDGF  to  the  extracellular  part 
of  either  receptor  type  leads  to  dimerization  of  receptor  molecules,  followed  by  activation 
of  the  receptor  tyrosine  kinase  (Heldin  et  al.  1989,  Bishayee  et  al.  1989,  Kanakaraj  et  al. 
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1991,  Seifert  et  al.  1989).  The  functional  difference  between  the  a -and  6-PDGF  receptors 
is  important  to  define  their  distinct  physiological  roles  (Hammacher  et  al.  1989).  The 
ratio  of  the  two  receptors  might  vary  from  one  cell  type  to  another  or  according  to  the 
proliferation  and  differentiation  stages.  Moreover,  the  two  receptors  might  trigger  a 
partially  distinct  down-stream  pathway  to  transduce  the  ligand  signal.  Additional 
regulatory  flexibility  may  be  provided  by  the  different  ability  of  three  PDGF  isoforms  to 
interact  with  the  two  receptors.  This  regulatory  flexibility  may  be  important  to  reveal  the 
wide  spectrum  specificity  of  tissues  and  cells  whose  function  is  differentially  controlled 
by  PDGFs. 

After  binding  of  PDGF  to  its  receptor,  a  number  of  immediate  changes  occur 
within  the  cell  (Williams  1989).  These  include  activation  of  tyrosine  kinase,  hydrolysis 
of  phosphatidylinositol  (PI)  (Habenicht  et  al.  1986),  alterations  of  cellular  pH  (L’Allmain 
et  al.  1984),  increase  in  cytosolic  calcium  levels  (Ives  et  al.  1987),  a  dramatic  change  in 
the  cytoskeleton  (Bockus  et  al.  1984),  increased  expression  of  a  group  of  genes  (Kelly 
etal.  1983,  Greenberg  et  al.  1985,  Sukhatme  et  al.  1987,  Almendral  et  al.  1988,  Cochran 
et  al.  1983),  elevation  of  cellular  cyclic  adenosine  monophosphate  (cAMP)  (Rozengurt 
et  al.  1983),  and  internalization  and  degradation  (downregulation)  of  the  receptor. 
Although  all  these  changes  occur,  none  can  be  related  directly  to  the  mitogenic  effects  of 
PDGF  (Williams  1989). 

Several  PDGF  receptor  substrates  have  recently  been  identified.  These  include 
phospholipase  C-y  (PLCy)  (Morrison  et  al.  1990),  GTPase-activating  protein  (GAP) 
(Molloy  et  al.  1989,  Kaplan  et  al.  1990),  and  the  85  kDa  subunit  of  the 
phosphatidylinositol  3-kinase  (Carpenter  et  al.  1990).  Each  has  been  shown  to  undergo 
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rapid  tyrosine  phosphorylation  and/or  physical  association  with  PDGF  receptors  in 
response  to  PDGF  triggering  (Morrison  et  al.  1990,  Molloy  et  al.  1989,  Carpenter  et  al. 
1990,  Kaplan  et  al.  1990,  Kazlauskas  et  al.  1990).  PLCy  hydrolyzes  phosphatidylinositol 
4,5-biphosphate  into  two  second  messengers,  1 ,2-diacrylglycerol  and  inositol  1,4,5- 
triphosphate.  The  former  activates  protein  kinase  C,  and  the  latter  promotes  the  release 
of  Ca2+  from  intracellular  stores  (Berridge  1987).  GAP  enhances  hydrolysis  of  ras-GTP 
to  ras-GDP  which  normally  inactivates  ras  function  (McCormick  1989,  Trahey  1987). 
Phosphatidylinositol  3-kinase  phosphorylates  the  inositol  ring  of  phosphatidylinositol  at 
the  D3  position,  but  there  is  yet  no  clue  as  to  the  biological  functions  of  such  metabolites 
(Auger  et  al.  1989,  Whitman  et  al.  1988). 

The  Role  of  PDGF  in  Smooth  Muscle  Cell  Proliferation 

PDGF  is  a  mitogen  and  chemoattractant  (Grotendorst  et  al.  1981,  Albini  et  al. 
1988)  for  vascular  smooth  muscle  cells  in  vitro.  Thus,  it  may  be  involved  in  at  least  two 
important  aspects  of  atherogenesis— the  proliferation  of  smooth  muscle  cells  and  their 
migration  into  the  intima  of  the  vessel  wall  (Schwartz  et  al.  1986,  Ross  1986b).  PDGF 
would  be  released  into  the  vessel  wall  following  platelet  adherence  and  degranulation  in 
vivo.  Also,  endothelial  cells  (Barrett  et  al.  1984,  Gay  and  Winkles  1990),  smooth  muscle 
cells  (Majesky  et  al.  1988,  Sjolund  et  al.  1988,  Hosang  and  Rouge  1989),  and  activated 
blood  monocytes  (Martinet  et  al.  1986)  in  culture  produce  PDGF.  RNA  gel  blot  (Barrett 
and  Benditt  1988)  and  in  situ  (Wilcox  et  al.  1988)  hybridization  studies  have 
demonstrated  that  PDGF  mRNA  is  expressed  by  vascular  cells  in  normal  human  vessels 
and  in  atherosclerotic  plaques.  In  addition,  Ross  et  al.  (1990)  detected  PDGF  B-chain 
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protein  in  macrophages  during  all  stages  of  atherogenesis.  Therefore,  one  may 
hypothesize  that  PDGF  could  play  a  significant  role  in  the  hyperplastic  response 
characteristic  of  atherosclerosis  and  hypertension. 

Smooth  muscle  cells  isolated  from  the  intima  adjacent  to  regions  of  endothelial 
cell  damage  displayed  10  times  the  PDGF  concentration  of  those  taken  from  the  media 
of  uninjured  arteries  (Walker  et  al.  1986).  There  is  also  evidence  that  the  rapid 
proliferation  of  smooth  muscle  cells  in  vitro  was  associated  with  endogenous  PDGF-like 
protein  synthesis,  and  smooth  muscle  cell  phenotypic  modulation  (Nilsson  et  al.  1985). 

In  vitro  studies  of  human  smooth  muscle  cells  have  shown  that  cells  derived  from 
the  atheromatous  plaques  can  significantly  stimulate  cultured  smooth  muscle  cell  growth. 
Some  of  this  stimulatory  effect  can  be  attributed  to  PDGF  because  the  addition  of 
antibodies  to  PDGF  reduced,  but  did  not  eliminate,  the  increased  growth  rate  (Libby  et 
al.  1988a).  Other  substances  such  as  interleukin- 1,  fibroblast  growth  factor  or  insulin-like 
growth  factor  may  have  contributed  to  the  mitogenic  potential  of  the  plaque  extract 
(Libby  et  al.  1988b,  Winkles  et  al.  1987,  Clemmons  et  al.  1985b).  These  and  other 
investigations  found  that  cells  derived  from  atheromatous  plaques  synthesized  detectable 
quantities  of  PDGF  mRNA  (Libby  et  al.  1988a,  Barrett  et  al.  1987,  1988). 

Examination  (using  in  situ  hybridization)  of  human  tissue  removed  during  surgery 
has  revealed  the  cells  that  have  the  potential  to  produce  PDGF  in  vivo  (Wilcox  et  al. 
1990).  Almost  all  cell  types  of  the  intima  derived  from  the  atheromatous  plaques  gave 
a  positive  response  to  either  mRNA  for  PDGF-A,  PDGF-B  or  both.  Localization  of 
PDGF  receptors  within  the  intima  coincide  with  those  cells  that  synthesize  PDGF  (wilcox 


et  al.  1990). 
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PDGF  receptors  are  expressed  at  increased  levels  in  atherosclerotic  plaques 
(Rubin  et  al.  1988).  This  expression  was  specifically  on  the  smooth  muscle  cell  within 
the  intima  and  was  not  found  in  the  media,  either  adjacent  to  or  distant  from  the  lesion. 
The  increased  PDGF  receptor  expression  was  associated  mainly  with  areas  of  increased 
density  of  active  T  cells  and  macrophages.  Rubin  et  al.  hypothesized  that  increased 
expression  of  PDGF  receptors  is  a  result  of  the  presence  of  these  cells  (Rubin  et  al. 
1988). 

Experiments  demonstrated  angiotensin  II  and  a -adrenergic  stimulation  can 
stimulate  PDGF  A-chain  gene  expression  in  cell  cultures  and  experimental  animals 
(Naftilan  et  al.  1989,  Majesky  et  al.  1990).  Receptor  research  also  demonstrated  that 
deoxycorticosterone  acetate  (DOCA)/salt  hypertension  induced  a  threefold  increase  in 
aortic  steady-state  PDGF  6-receptor  mRNA  levels  (Sarzani  et  al.  1991).  Aortic  PDGF 
6-receptor  expression  also  was  higher  in  spontaneously  hypertensive  rats  (SHRs)  (Sarzani 
et  al.  1991).  All  evidence  suggests  that  PDGF  is  involved  in  the  paracrine/autocrine 
regulation  of  smooth  muscle  cell  proliferation  of  atherosclerosis  and  hypertension. 

The  Role  of  PDGF  in  Fibroblast  Proliferation 

PDGF  is  a  potential  mediator  of  fibroblast  proliferation  (Dinarello  1988, 
Shimokado  et  al.  1985).  Experiments  have  demonstrated  that  PDGF  can  cause  rabbit 
papillary  fibroblast  (Knecht  et  al.  1991),  human  synovial  fibroblast  (Butler  et  al.  1989), 
and  human  skin  fibroblast  proliferation  (Raines  et  al.  1989;  Bonner  et  al.  1990).  In 
human  skin  fibroblasts,  the  first  increase  in  [3H]thymidine  incorporation  in  response  to 
PDGF-AA,  PDGF-BB  and  PDGF-AB  was  seen  at  16  hours  and  was  maximal  at  24  hours. 
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Maximal  [3H]thymidine  incorporation,  detected  at  24  to  26  hours  in  response  to  PDGF- 
BB,  was  approximately  6  times  that  seen  in  response  to  PDGF-AA.  The  human  dermal 
fibroblasts  have  both  types  of  PDGF  receptors  (Smits  et  al.  1992),  and  there  are  more 
PDGF-BB  binding  sites  than  PDGF-AA  binding  sites  (Raines  et  al.  1989). 

PDGF  is  related  to  many  proliferative  disorders  of  fibroblastic  origin.  Smits  et 
al.  (1992)  using  immunohistochemical  and  in  situ  hybridization  techniques  found  that  high 
expression  of  PDGF  p-receptor  mRNA  and  protein  was  found  in  malignant  tumors,  and 
also  in  some  benign  lesions,  such  as  dermatofibroma.  In  contrast,  high  expression  of 
PDGF  a -receptor  mRNA  was  only  found  in  fully  malignant  lesions,  such  as  malignant 
fibrous  histiocytoma.  These  data  indicate  that  an  autocrine  growth  stimulation  via  the 
PDGF  P-receptor  could  occur  in  an  early  phase  of  tumorigenesis,  and  may  be  a  necessary 
but  insufficient  event  for  the  progression  into  fully  malignant  human  connective  tissue 
lesions. 

Insulin-like  Growth  Factors 

Insulin-like  growth  factors  were  discovered  in  1957  by  Salmon  and  Daughaday 
when  it  was  observed  that  rat  serum  contained  a  growth  hormone-dependent  factor(s) 
capable  of  inducing  the  incorporation  of  35S  into  cartilage  (sulfation  factor  activity,  SFA) 
(Salmon  et  al.  1957).  Investigators  in  1963  described  factors  isolated  from  human  serum 
that  had  insulin-like  effects  on  muscle  and  adipose  tissue  and  were  not  suppressed  by  the 
addition  of  insulin  antiserum  (nonsuppressible  insulin-like  activity,  NSILA)  (Froesch,  et 
al.  1963).  In  the  1960s,  studies  by  Temin  and  others  indicated  that  cell  proliferation  in 
some  cell  lines  was  dependent  on  the  presence  of  specific  factors  in  serum,  whereas  in 
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other  lines  the  cells  produced  their  own  growth-promoting  substances.  One  such  activity 
was  termed  "multiplication-stimulating  activity  (MSA).  When  it  later  became  apparent 
that  all  three  of  these  activities  represented  a  similar  group  of  substances  with  a  much 
wider  biological  activity,  the  workers  in  the  field  agreed  to  introduce  the  term 
somatomedin  in  1972  (Daughaday  et  al.  1972).  It  was  not  until  1978  that  any  member 
of  this  family  was  chemically  characterized  and  its  primary  structure  determined. 
Rinderknecht  et  al.  successfully  purified  NSILA  from  a  Cohn  fraction  of  human  plasma, 
resolving  this  activity  to  be  due  to  two  biologically  active  peptides  that  they  termed 
insulin-like  growth  factor-I  (IGF-I)  and  IGF-II  (Rinderknecht  et  al.  1976,  1978a,  b). 

The  structure  of  IGF-I.  IGF-I  is  a  single  chain  peptide,  70  amino  acids  in  length, 
with  3  intra-chain  disulfide  bridges  (Rinderknecht  et  al.  1978a,  b).  As  with  pro-insulin, 
regions  of  this  growth  factor  peptide  may  be  delineated  into  four  domains,  A,  B,  C  and 
D;  the  A  and  B  domains  are  very  similar  to  the  corresponding  domains  of  pro-insulin, 
with  which  they  share  43%  homology.  IGF-I  has  a  similar  tertiary  structure  to  pro-insulin 
(Blundell  et  al.  1983).  The  receptor  binding  site  of  IGF-I  is  near  the  end  of  its  B  domain 
and  the  amino  terminal  end  of  the  B  domain  is  involved  in  binding  IGF  binding  proteins 
(IGF-BPs)  (Sheikh  et  al.  1987),  while  the  A  domain  appears  to  be  involved  in  the 
mitogenic  response  (Cascieri  et  al.  1988). 

The  IGF  binding  proteins.  IGFs  circulate  in  blood  bound  to  one  of  a  number  of 
binding  proteins.  IGF-BP3  (IGF-BP53),  which  accounts  for  approximately  80%  of  the 
total  binding  capacity,  is  present  as  a  glycosylated  150  kDa  binding  complex  in  human. 
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rat  and  porcine  serum  (Baxter  1988,  Zapf  et  al.  1988,  Gopinath  et  al.  1989).  The  150 
kDa  complex  appears  to  represent  a  stable  reservoir  for  the  IGFs  and  its  plasma 
concentration  is  dependent  on  levels  of  circulating  growth  hormone  (Zapf  et  al.  1979, 
1980).  IGF-BP1  (IGF-BP28),  the  other  major  circulating  IGF-BP,  is  found  as  a  25.3  kDa 
species  in  plasma,  and  represents  an  unglycosylated,  growth  hormone-independent 
component.  Other  IGF  binding  species  are  found  in  serum,  with  molecular  weights 
ranging  from  18  to  160  kDa.  These  are  thought  to  represent  post-translational 
modifications  of  IGF-BP3  (Hossenlopp  et  al.  1986,  Hardouin  et  al.  1987)  and  IGF-BP  1 
(Koistinen  et  al.  1986,  Baxter  et  al.  1987,  Lee  et  al.  1988). 

The  IGF-I  receptor.  The  IGF-I  receptor  is  structurally  and  functionally  very 
similar  to  the  insulin  receptor  (Ullrich  et  al.  1986)  (Fig.  3).  The  functional  receptor  is 
a  300-350  kDa  dimmer,  each  half  consisting  of  one  a  (130  kDa)  and  B  subunit  (95  kDa) 
which  are  disulfide  linked.  The  a  subunits  form  the  major  part  of  the  extracellular 
domain,  and  are  involved  in  ligand  binding.  The  B  subunits  contain  the  transmembrane 
region  and  an  intracellular  tyrosine  kinase  catalytic  domain,  which  shows  84%  homology 
with  the  insulin  receptor.  Ligand  binding  is  followed  by  autophosphorylation  of  tyrosine 
residues  on  the  B  subunit.  Although  IGF-I,  IGF-II  and  insulin  all  bind  to  the  IGF-I 
receptor,  IGF-II  binds  with  lower  affinity  than  IGF-I  and  insulin  with  lower  affinity  than 
IGF-II  (Steele-Perkins  et  al.  1988).  The  mitogenic  effect  of  insulin  was  mediated  by  the 
IGF-I  receptor:  an  anti-IGF-I  receptor  monoclonal  antibody  reduced  the  insulin  and  IGF-I 
induced  mitogenic  effect,  whereas  an  anti-insulin  receptor  antibody  was  without 
significant  effect  (Banskota  et  al.  1989a,  b). 


17 


Cell 

membrane 


Figure  3.  The  structure  of  IGF-I  receptor  (Ferns  et  al.  1991a) 
Biosynthesis  and  biological  effects.  The  liver  is  the  primary  site  of  IGF-I 
synthesis  in  humans  and  rats  (Schwander  et  al.  1983,  Scott  et  al.  1985,  Schimpff  et  al. 
1980).  IGF-I  has  also  been  produced  in  culture  by  fibroblasts  from  both  humans  and  rats 
(Atkinson,  et  al.  1980;  Adams  et  al.  1983,  Clemmons  et  al.  1981a).  In  fact,  the  rate  of 
IGF-I  production  by  adult  fibroblasts  (50  ng/106cells/48hrs)  is  similar  in  magnitude  to  that 
for  hepatocytes.  However,  that  these  cells  represent  a  major  source  of  IGF-I  in  vivo  is 
speculative  (Scott,  et  al.  1985).  A  variety  of  other  organs  including  kidney,  lung, 
pancreas,  testes,  neural  tissue  and  heart  may  contribute  to  the  circulating  levels  of  IGF-I 
(D’Ercole  et  al.  1984,  Sara  et  al  1982). 

The  two  main  biological  actions  of  the  IGFs  may  be  summarized  as  an  insulin- 
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like  metabolic  action  and  a  growth-promoting  action.  Both  IGF-I  and  IGF-II  stimulate 
DNA  synthesis  and  cell  proliferation.  IGFs  are  involved  in  embryonic  development 
(D’Ercole  et  al.  1980),  angiogenesis  (Hansson  et  al.  1989),  tumorigenesis  (Gray  et  al. 
1987,  Tricoli  et  al.  1986,  Hoppener  et  al.  1988),  neural  function  (Tannenbaum  et  al.  1983, 
Mulholland  et  al.  1988),  and  wound  healing  (Hansson  et  al.  1987,  Rappolee  et  al.  1988). 

The  Role  of  IGF-I  in  Hypertension  and  Atherosclerosis 

Although  there  is  no  definitive  proof  that  the  IGFs  play  a  major  role  in 
atherosclerosis  and  hypertension,  there  is  mounting  circumstantial  evidence  that  they  do 
so.  Most  of  the  cell  types  implicated  in  these  processes  are  capable  of  expressing  IGF-I, 
IGF-I  receptor,  IGF-BPs,  or  a  combination  of  these  proteins.  Serum  and  platelets  contain 
a  high  proportion  of  mitogenic  activity  (>50%)  that  can  not  be  attributed  to  PDGF  (Ferns 
et  al.  1991b).  It  follows,  therefore,  that  platelets  contain  other  potent  mitogens  that  may 
contribute  to  intimal  cell  proliferation.  Moreover,  arterial  injury  is  accompanied  by  a 
rapid  and  long-lasting  induction  of  IGF-I  mRNA  expression  (Cercek  et  al.  1990), 
suggesting  an  autocrine  or  paracrine  role  for  IGF-I  in  the  vascular  response  to  injury. 

Vascular  endothelial  cells  have  been  shown  to  have  receptors  for  IGF-I,  using  a 
modified  Langendorff  perfused  heart  system,  and  in  vitro  (Bar  et  al.  1984,  1988). 
Hansson  et  al.  (1989)  showed  that  immunoreactive  IGF-I  was  expressed  by  endothelial 
cells  following  injury.  Receptors  for  IGFs  have  been  demonstrated  on  vascular  smooth 
muscle  cells  in  vivo  and  in  vitro  (Bornfeldt  et  al.  1988,  Cascieri  et  al.  1986,  Jialal  et  al. 
1985).  In  vitro  IGF-I  itself  is  not  a  good  mitogen  for  smooth  muscle  cells.  But  IGF-I 
acted  additively  or  synergistically  with  other  growth  factors,  such  as  PDGF,  fibroblast 
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growth  factor  (FGF)  and  epidermal  growth  factor  (EGF),  on  induction  of  mitogenic 
response  and  receptor  expression  (Clemmons  et  al.  1984,  1985b,  Banskota  et  al.  1989a, 
Pfeifle  et  al.  1984,  1987).  The  gene  for  the  human  IGF-I  receptor  is  expressed  by 
fibroblasts  (Rosenfeld  1982).  Both  fibroblasts  and  smooth  muscle  cells  can  synthesize 
IGF-I  endogenously  (Clemmons  et  al.  1981b,  1985a,  b,  Weidman  et  al.  1979). 

The  recent  cloning  of  the  genes  for  both  IGFs  has  permitted  investigation  of 
tissue  IGF  expression  by  northern  blotting  and  in  situ  hybridization.  A  possible  autocrine 
role  for  IGF-I  in  the  rat  aorta  has  been  demonstrated.  IGF-I  mRNA  was  detected  in  the 
aortic  media  by  in  situ  hybridization  and  northern  analysis  (Sarzani  et  al.  1989).  Cercek 
et  al.  (1990)  found  that  balloon  catheter  de-endothelialization  of  the  rat  aorta  results  in 
a  rapid  and  sustained  elevation  in  IGF-I  mRNA.  The  peak  response  was  observed  at  7 
days,  though  expression  remains  above  basal  levels  beyond  14  days. 

Although  PDGF  is  one  of  the  major  platelet  associated  mitogens,  other  potent 
mitogens  are  also  present.  Karey  et  al.  (1989)  have  purified  and  characterized  human 
platelet  derived  IGF-I.  Thus  platelet  adherence  and  degranulation  at  sites  of  arterial  de- 
endothelializations  would  be  expected  to  result  in  the  release  of  high  local  concentrations 
of  IGFs,  which  may  act  on  cells  with  the  vessel  wall,  or  affect  the  function  of  the 
platelets  themselves. 

Extracellular  Matrix  and  Cell  Proliferation 

Most  cells  in  multicellular  organisms  are  in  contact  with  an  intricate  meshwork 
of  interacting,  extracellular  macromolecules  that  constitute  the  extracellular  matrix.  These 
versatile  protein  and  polysaccharide  molecules  are  secreted  locally  and  assemble  into  an 
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organized  meshwork  in  the  extracellular  space  of  most  tissues.  Until  recently,  the 
vertebrate  extracellular  matrix  was  thought  to  serve  mainly  as  a  relatively  inert  scaffolding 
that  stabilized  the  physical  structure  of  tissues.  But  now  it  is  clear  that  the  matrix  plays 
a  far  more  active  and  complex  role  in  regulating  the  behavior  of  the  cells  that  contact 
it — influencing  their  development,  migration,  proliferation,  shape,  and  metabolic 
functions.  The  macromolecules  that  constitute  the  extracellular  matrix  are  secreted  by 
local  cells,  especially  fibroblasts,  which  are  widely  distributed  in  the  matrix.  Two  of  the 
main  classes  of  extracellular  macromolecules  that  make  up  the  matrix  are  the  collagens 
and  the  polysaccharide  glycosaminoglycans. 

The  noncollagen  glycoproteins  of  the  extracellular  matrix  have  been  relatively 
neglected  until  recently.  A  good  deal  is  now  known  about  fibronectin.  Fibronectin  first 
attracted  attention  when  it  was  discovered  to  be  present  in  greatly  reduced  amounts  on 
the  surface  of  fibroblasts  derived  from  tumors  compared  to  normal  fibroblasts  (Vaheri  et 
al.  1975,  1976,  Olden  et  al.  1977). 

Fibronectin 

Fibronectin  was  first  isolated  from  human  plasma  by  Morrison  et  al.  in  1948  and 
termed  "  cold-insoluble  globulin".  There  are  two  type  fibronectins — cell  surface  (cellular) 
fibronectin,  and  plasma  fibronectin.  Cell  surface  fibronectin  is  a  major  constituent  of  the 
cell  surface  of  many  cultured  cells  and  has  a  subunit  molecular  weight  of  between 
200,000  and  250,000  (Hynes  1976,  Yamada  et  al.  1976,  Mosesson  1977,  Grinnell  1978). 
Plasma  fibronectin  is  a  dimeric  glycoprotein  with  subunit  polypeptides  of  200,000  to 
220,000  that  circulates  in  vertebrate  blood  (Morrison  et  al.  1948,  Mosesson  et  al.  1970, 


21 


1975,  Mosher  1975,  Iwanaga  et  al.  1978). 

The  structure  of  fibronectin.  The  fibronectin  molecule  is  a  dimmer:  it  consists 
of  two  similar  subunits  which  are  joined  at  one  end  by  disulfide  bonds  (Fig.  4).  The 

FIBRIN  COLLAGEN  CELLS  HEPARIN  FIBRIN 


protein  chain  of  each  subunit  forms  an  elongated  structure  60  to  70  nanometers  long  and 
two  to  three  nanometers  thick;  that  structure  in  turn  is  subdivided  into  a  series  of  smaller 
domains,  within  each  of  which  the  protein  chain  is  tightly  folded.  Fibronectin  is  produced 
mainly  by  fibroblasts  (Ruoslahti  et  al.  1974).  Endothelial  cells  (Stenmam  et  al.  1978) 
and  smooth  muscle  cells  (Stenmam  et  al.  1977)  also  can  synthesize  fibronectin. 
Fibronectin  has  been  implicated  functionally  in  the  regulation  of  several  cellular  precesses. 
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including  adhesion,  differentiation,  motility  and  transformation  (Mosher  1989,  Hynes 
1990). 

The  structure  of  the  fibronectin  polypeptides  varies  somewhat  depending  on  the 
cellular  source  of  the  protein.  These  variations  are  due  to  alternative  splicings  of  the 
fibronectin  mRNA  (Ruoslahti  1988).  The  biological  significance  of  the  alternative 
splicings  is  not  known.  But  they  may  affect  the  functions  of  fibronectin.  The  site  in 
fibronectin  that  promotes  cell  attachment  is  in  the  middle  portion  of  the  fibronectin 
polypeptide.  This  segment  contains  the  sequence  Arg-Gly-Asp  (RGD),  the  recognition 
of  which,  in  surface-bound  fibronectin,  results  in  the  attachment  of  the  cells  to  that 
surface.  Main  Heparin-binding  site,  another  important  binding  site  for  cell  attachment, 
is  located  near  the  COOH-terminus  of  the  fibronectin  polypeptide  (Ruoslahti  1988). 

Cells  interact  with  fibronectin  at  the  RGD  cell  attachment  site  and  at  the  heparin¬ 
binding  sites.  The  specificity  of  the  interaction  seems  to  come  from  the  RGD  site,  while 
the  binding  at  the  heparin-binding  site  plays  an  augmenting  role.  The  RGD  site  is 
recognized  by  the  RGD-directed  receptors  (Ruoslahti  et  al,  1986,  1987)  that  belong  to  the 
integrin  superfamily  of  proteins  (Hynes  1987),  while  cell-surface  proteoglycans  bind  to 
the  heparin-binding  sites  (Rapraeger  et  al.  1987). 

Fibronectin  receptors.  The  mammalian  fibronectin  receptors  and  other  RGD- 
directed  receptors  are  belonging  to  the  integrin  receptor  family.  Integrin  receptors  are 
typically  heterodimers  of  two  subunits  a  and  (J  (Ruoslahti  et  al.  1987,  Pytela  et  al.  1985, 
1986)  (Fig.  5).  The  a  subunits  consist  of  two  polypeptides  disulfide-linked  to  one 
another.  The  P  subunit  is  a  single  polypeptide  with  a  molecular  weight  of  about  140,000 
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Figure  5.  The  structure  of  integrin  receptor  (Ruoslahti  1988) 
(Ruoslahti  1988).  Both  subunits  are  transmembrane  proteins.  In  the  a  subunit,  the 
smaller  polypeptide  anchors  the  subunit  to  the  membrane.  The  larger  a 
subunitpolypeptide  contains  several  short  sequences  homologous  to  known  Ca2+-binding 
sites  in  other  proteins.  In  the  P  subunit,  a  segment  with  a  high  disulfide  content  is  shown 
as  bends  in  the  polypeptide.  Both  subunits  are  thought  to  participate  in  the  binding  of  the 
.Arg-GLy-Asp  cell  attachment  site  of  fibronectin. 

The  Role  of  Fibronectin  in  Cell  Proliferation 

Vascular  complications  of  several  diseases  are  associated  with  changes  in  the 
extracellular  matrix  and  accompanying  intracellular  changes  in  vascular  cells  (Thyberg 
et  al.  1990).  Since  interactions  between  protein  of  the  extracellular  matrix  and  cell 
receptors,  called  integrins,  are  known  to  influence  cell  structure,  it  is  plausible  that 
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changes  in  the  expression  of  components  of  the  extracellular  matrix  could  have  a 
causative  role  in  the  development  of  the  resulting  vascular  lesions. 

Histochemical  studies  have  documented  the  presence  of  fibronectin  in  aortic 
tissue,  and  changes  in  fibronectin  content  have  been  reported  in  different  disease  states, 
such  as  atherosclerosis,  hypertension  and  diabetes  (Jensen  et  al.  1983,  Rasmussen  et  al. 
1989,  Orelhov  et  al.  1984,  Smith  et  al.  1986,  Phan-Thanh  et  al.  1987,  Stenman  et  al. 
1980).  A  study  by  Glukhova  et  al.  (1989)  showed  that  different  alternately  spliced  forms 
of  fibronectin  are  selectively  localized  in  the  intima  and  media,  and  following  either 
balloon  injury  to  the  rat  aorta  or  in  human  aortic  atherosclerotic  lesions,  a  selective 
accumulation  of  an  alternatively  spliced  form  of  fibronectin  was  found  within  the  intimal 
lesion.  A  study  has  shown  that  steady-state  mRNA  levels  for  rat  aortic  fibronectin 
increased  several-fold  in  deoxycorticosterone  acetate  (DOC)/salt-treated  and  angiotensin 
II-infused  rats  and  in  the  spontaneously  hypertensive  rat  (SHR)  (Takasaki  1990).  There 
was  a  three  to  sixfold  increase  in  fibronectin  biosynthesis  by  aortic  rings  taken  from  rats 
treated  with  deoxycorticosterone/salt  (Saouaf  et  al.  1991).  Interactions  between 
fibronectin  and  cultured  vascular  smooth  muscle  cells  induced  a  phenotypic  change  from 
a  contractile  to  synthetic  state  that  is  a  prerequisite  for  the  cellular  proliferation  (Chamley- 
campbell  et  al.  1979,  Thyberg  et  al.  1983).  Smooth  muscle  cells  from  atherosclerotic 
lesions  of  human  arteries,  as  well  as  those  from  experimental  intimal  thickening  in  animal 
arteries,  express  the  synthetic  or  fibroblast-like  phenotype  (Dilley  et  al.  1987,  Nilsson  et 
al.  1986,  Ross  1986b,  Schwartz  et  al.  1986).  In  vivo,  a  similar  change  in  the 
differentiated  properties  of  the  smooth  muscle  cells  appears  to  be  one  of  the  initial  events 
in  the  development  of  an  atherosclerotic  lesion  (Ross  et  al.  1986b,  Schwartz  1986). 
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Vascular  lesions  are  a  major  complication  of  diabetes.  The  vascular  lesions  also 
are  characterized  by  smooth  muscle  cell  proliferation.  Increased  biosynthesis  and 
processing  of  fibronectin  in  fibroblasts  from  diabetic  mice  (Phan-Thanh  et  al.  1987)  also 
suggest  that  the  smooth  muscle  cell  changes  that  occur  during  hypertension  and 
atherosclerosis  may  be  due  to  fibronectin-smooth  muscle  cell  interactions.  These  findings 
support  the  hypothesis  that  fibronectin  is  involved  in  the  vascular  smooth  muscle 
autocrine  and/or  paracrine  regulation  in  hypertension  and  atherosclerosis. 

PDGF  May  Affect  Cell  Proliferation  by  Fibronectin 

As  previously  indicated,  both  PDGF  and  fibronectin  are  involved  in  proliferation 
of  vascular  smooth  muscle  cells.  Are  there  any  relationships  between  PDGF  and 
fibronectin?  Because  the  cell  response  elicited  by  PDGF  is  very  similar  to  the  effects  of 
fibronectin  on  cell  proliferation,  it  is  reasonable  to  consider  the  possibility  that  PDGF  may 
affect  cell  proliferation  by  induction  of  fibronectin.  A  few  reports  have  suggested 
that  PDGF  was  able  to  stimulate  fibronectin  gene  expression  (Blatti  et  al.  1988,  Allen- 
Hoffmann  et  al  1990).  Human  dermal  fibroblasts  transfected  with  a  human  c-sis  cDNA 
(coding  for  the  platelet-derived  growth  factor  B-chain)  increase  fibronectin  levels  and 
gene  expression  (10-fold)  relative  to  control.  It  was  demonstrated  that  one  of  the 
biological  functions  of  PDGF  B-chain  isoforms  is  to  modulate  fibronectin  synthesis 
(Allen-Hoffmann  et  al.  1990).  The  present  studies  were  undertaken  to  determine  the  role 
of  PDGF-BB,  one  of  the  PDGF  isoforms,  in  the  stimulation  of  fibronectin  gene  expression 


in  vascular  fibroblasts  isolated  from  rat  thoracic  aorta. 


MATERIALS  AND  METHODS 


Materials 

Human  recombinant  PDGF-BB  was  purchased  from  UBI  (Lake  Placid,  NY).  The 
mitogenic  stimulation  is  determined  by  3H-thymidine  incorporation  using  human  foreskin 
fibroblasts.  The  dose  for  half  maximal  stimulation  is  0.9  ng/ml.  Human  recombinant 
IGF-I  was  from  UBI.  Biological  activity  of  IGF-I  was  determined  via  a  radio-receptor 
assay  using  human  placental  cell  membranes.  The  dose  for  half  maximal  displacement 
is  1.6  ng/ml.  Collagenase,  elastase  and  Bovine  serum  albumin  were  purchased  from 
Sigma  Chemical  Company  (St.  Louis,  MO).  Fetal  bovine  serum  and  newborn  calf  serum 
were  from  Whittaker  Bioproducts  (Walkersville,  MD).  Cell  culture  medium- 199  was 
purchased  from  Gibco/BRL  (Grand  Island,  NY).  Polyclonal  anti-rat  fibronectin  antibody 
and  monoclonal  anti-rat  a-smooth  muscle  actin  antibody,  Goat  anti-rabbit  IgG  antibody 
conjugated  with  fluorescein  isothiocyanate  (FITC)  and  goat  anti-mouse  antibody 
conjugated  with  FITC  were  from  Sigma.  Polyclonal  anti-rat  Factor  VIII  antibody  was 
from  Calbiochem  (La  Jolla,  CA).  Normal  goat  serum  was  from  Cappel  Laboratories 
(Cochranville,  PA).  E.  Coli  containing  the  fibronectin  gene  and  the  18s  gene  was 
obtained  from  Dr.  R.  O.  Hynes  (MIT).  Restriction  endonuclease  ECORI  was  purchased 
from  Gibco/BRL.  Agarose  and  polyacrylamide  were  from  Sigma.  Low  melting  point 
agarose  gel  was  from  FMC  BioProducts  (Rockland,  ME).  Elutip-d  columns  were 
purchased  from  Scleicher  &  Schuell  (Kneene,  NH).  DECA  primer  DNA  labelling  kits 
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were  purchased  from  Ambion  Inc.  (Austin,  TX).  [a-32P]  dCTP  3000  ci/nM  was  from 
NEW/DUPONT  (Boston,  MA).  Anti-rat  IgG  antibody  conjugated  with  alkaline 
phosphatase,  Nitroblock  and  phosphatase  substrate  CSPD  were  purchased  from  Tropix 
(Bedford,  MA).  PVDF  membranes  were  from  Millipore  (Bedford,  MA). 

Fibroblast  Isolation  and  Culture 

Wistar- Kyoto  (WKY)  rats  (male,  160-180  g  body  weight)  were  purchased  from 
Taconic  Farms  (Germantown,  NY).  WKY  rats  were  sacrificed  by  guillotine  and  aortae 
were  rapidly  dissected  and  placed  in  a  beaker  of  ice-cold  Dulbecco’s  Phosphate-Buffered 
Saline  (PBS)  (PH  7.4).  After  washing  out  blood  and  cleaning  pericentitial  tissue,  aortae 
were  opened  longitudinally.  The  intima  were  scraped  out  with  a  scalpel  blade.  The 
remaining  tissue  was  subjected  to  an  enzyme  solution  containing  collagenase  and  elastase 
(Collagenase  2  mg/ml,  Elastase  2  mg/ml,  Bovine  Serum  Albumin  2  mg/ml),  digesting  the 
tissue  for  about  30  min  at  37°C.  The  adventitial  layer  was  then  carefully  peeled  away 
from  the  media  under  a  microscope.  The  adventitia  were  pooled,  minced  and  placed  in 
a  fresh  enzyme  solution  for  about  2  hours  to  produce  single-cell  suspensions  for  plating. 
The  suspensions  were  centrifuged  and  the  pellets  were  seeded  into  a  Petri  dish  with  cell 
culture  medium- 199  (M-199)  supplemented  with  20%  fetal  bovine  serum  (FBS).  The 
cells  were  incubated  at  37°C  in  an  atmosphere  of  5%  COr95%  air.  The  medium  was 
replaced  twice  a  week.  After  several  generations  the  subculture  medium  was  switched 
to  M-199  supplemented  with  10%  newborn  calf  serum  (NCS).  All  manipulations  were 
performed  in  the  cell  culture  hood.  The  fibroblasts  between  passages  10  to  20  were  used 
for  experiments. 
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Characterization  of  Fibroblasts 

Even  when  the  intima  and  media  of  rat  thoracic  aorta  have  been  removed,  it  is 
still  possible  that  smooth  muscle  cells  or  endothelial  cells  contaminate  the  cell  cultures. 
Immunohistochemical  techniques  were  used  to  identify  the  fibroblast.  For  example,  a- 
Smooth  muscle  actin  is  specific  to  smooth  muscle  cells  and  Factor  VIII  is  present  only 
in  endothelial  cells.  Therefore,  immunofluorescent  staining  of  a -smooth  muscle  actin  and 
factor  VIII  helped  distinguish  fibroblasts  from  smooth  muscle  cells  and  endothelial  cells. 
Since  we  know  that  the  fibroblast  is  the  major  cell  producing  fibronectin,  fibronectin 
produced  by  fibroblasts  isolated  from  rat  thoracic  aortae  was  confirmed  by 
immunofluorescent  stain. 

The  cells  were  grown  on  glass  coverslips  for  3  to  4  days  and  then  fixed  in  3.7% 
formaldehyde  for  10  min  at  4°C.  Before  staining,  the  coverslips  were  treated  with 
acetone  for  5  min  at  -20°C  to  increase  the  permeability  of  the  cell  membrane.  To  avoid 
a  dirty  background,  non-specific  binding  sites  were  blocked  by  incubating  the  glass 
coverslips  with  normal  goat  serum  at  a  1:20  dilution  in  Hank’s  Buffered  Salt  Solution 
(HBSS)  overnight  at  4°C.  The  first  antibodies  (polyclonal  anti-rat  fibronectin  antibody, 
polyclonal  anti-rat  Factor  VIII  antibody,  mouse  monoclonal  anti-rat  a -smooth  muscle 
actin  antibody)  were  added  to  the  coverslips,  respectively,  and  incubated  with  the  cells 
for  3  or  4  hours  at  4°C  at  a  dilution  of  1:20  in  HBSS.  Excess  antibodies  were  washed 
out  from  the  coverslips  with  HBSS.  The  second  antibody  (goat  anti-rabbit  IgG  antibody 
conjugated  with  fluorescein  isothiocyanate  (FITC)  or  goat  anti-mouse  IgG  antibody 
conjugated  with  FITC  was  added  and  incubated  with  the  coverslips  at  4°C  for  another  3 
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to  4  hours.  The  coverslips  were  then  rinsed  with  HBSS  and  viewed  under  fluorescence 
microscopy. 

Isolation  of  Plasmid  DNA  Containing  Fibronectin  cDNA  and  18s  DNA 

This  procedure  is  based  on  the  alkaline  lysis  method  (Sambrook  et  al.  1989) 
utilizing  the  detergent  sodium  dodecyl  sulfate  (SDS)  and  NaOH  to  lyse  E.  coli  and  release 
nucleic  acids  and  plasmid  DNA.  Potassium  acetate  was  added  to  neutralize  the  solution 
which  allows  plasmid  DNA  to  reanneal  while  precipitating  most  denatured  genomic  DNA 
and  proteins.  Plasmid  DNA  was  further  purified  from  any  unprecipitated  genomic  DNA 
by  a  cesium  chloride  (CsCl)  gradient  containing  ethidium  bromide.  Nicked  plasmid  or 
genomic  DNA,  being  linear,  binds  more  ethidium  bromide  than  plasmid  DNA  resulting 
in  a  lower  density.  This  allows  plasmid  to  travel  further  down  the  CsCl  gradient  and  be 
visualized  via  ultraviolet  (UV)  light  as  a  separated  fluorescent  band.  Then,  the  band  can 
be  extracted. 

E.  Coli  containing  the  fibronectin  gene  or  18s  gene  were  grown  on  a  shaker 
overnight  at  37°C  in  25  ml  Luria-Bertani  (LB)  medium  containing  1%  tryptone,  0.5% 
yeast  extract,  1%  NaCl  and  0.35  N  NaOH  plus  50  pg/ml  ampicillin.  The  25  ml  of 
bacteria  were  amplified  by  growing  in  500  ml  LB  medium  supplemented  with  50pg/ml 
ampicillin  and  incubated  overnight  shaking  at  37°C.  Then,  the  bacteria  were  spun  down 
at  4°C  and  the  pellets  resuspended  in  a  solution  containing  50  mM  glucose,  25  mM  Tris, 
and  10  mM  EDTA.  The  resuspended  bacteria  were  lysed  by  gentle  shaking  in  a  0.2  M 
NaOH/1%  SDS  solution.  Proteins  in  the  mixture  were  precipitated  by  the  addition  of  3 
M  potassium  acetate.  After  a  subsequent  centrifugation,  the  supernatant  containing  DNA 
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was  filtered  through  a  Whatman  No.  1  filter  and  precipitated  overnight  at  -20°C  in  ethanol. 
The  precipitated  DNA  was  spun  down  and  resuspended  in  TE  buffer  (10  mM  Tris-Cl,  1 
mM  EDTA,  pH  8.0)  containing  11  gm  CsCl.  Ethidium  bromide  (10  mg/ml)  was  added 
to  each  sample  allowing  the  DNA  to  be  visualized  under  UV  light.  The  samples  were 
aliquoted  into  5  ml  Beckman  quick  seal  tubes  and  centrifuged  for  at  least  16  hours  at 
64,000  rpm  at  20°C.  After  centrifugation,  ultraviolet  light  disclosed  two  thin  bands  in  the 
tubes.  The  lower  one  was  plasmid  DNA.  The  plasmid  DNA  was  collected  with  a  syringe 
connected  to  an  18  gauge  needle.  Ethidium  bromide  was  washed  out  from  plasmids  by 
mixing  an  equal  volume  of  TE  buffer  saturated  with  anhydrous  isopropanol.  Two 
volumes  of  TE  buffer  and  6  volumes  of  100%  ethanol  were  added  and  the  samples 
allowed  to  stand  overnight  at  -20°C  to  precipitate  DNA.  The  samples  were  spun  down 
and  the  pellets  washed  with  70%  ethanol.  Plasmid  DNA  was  kept  in  0.05  volumes  of  3 
M  ammonium  acetate  and  2.5  volumes  of  ethanol  at  -20°C.  Before  using,  the  samples 
were  spun  and  resuspended  in  TE  buffer.  The  plasmid  DNA  was  quantitated  by  reading 
at  A260  by  a  spectrophotometer. 

Isolation  of  Fibronectin  cDNA  Probe 

Fibronectin  cDNA  was  isolated  via  restriction  endonuclease  cutting  of  a  plasmid 
containing  the  fibronectin  gene.  Plasmid  DNA  was  incubated  with  restriction 
endonuclease  ECORI  in  a  reaction  buffer  containing  50  mM  Tris/HCl-pH  8.0,  10  mM 
MgCl2,  100  mM  NaCl  for  1  hour  at  37°C.  The  reaction  was  terminated  by  the  addition 
of  loading  buffer  (20%  Ficoll  400,  0. 1  M  Na-EDTA,  1%  SDS,  and  0.25%  xylene  cyanol). 
The  fibronectin  cDNA  fragments  were  separated  from  the  remaining  plasmid  fragments 
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by  agarose  gel  electrophoresis.  The  reaction  mixture  was  applied  to  a  1%  low  melting 
point  agarose  gel  containing  0.5  pg/ml  ethidium  bromide  and  run  at  60  volts  for  about  2 
hours.  After  electrophoresis,  the  DNA  gel  was  checked  on  an  ultraviolet  transilluminator. 
The  fibronectin  cDNA  band  was  identified  by  comparing  the  bands  obtained  from  plasmid 
DNA  with  the  bands  obtained  from  DNA  standard  running  in  the  same  gel.  The 
fibronectin  cDNA  band  was  excised  from  the  gel  under  ultraviolet  illumination.  Further 
extraction  and  purification  of  fibronectin  cDNA  from  the  agarose  gel  were  performed 
through  the  use  of  the  Elutip-d  column  containing  a  DNA  binding  resin.  The  low  melting 
point  gel  was  melted  in  low  salt  solution  (0.2  M  NaCl,  20  mM  Tris/HCl-pH  7.5,  1  mM 
EDTA)  at  65°C.  Then,  the  gel  mixture  was  applied  to  the  column  and  passed  through 
the  column  slowly.  The  bound  cDNA  was  eluted  from  the  column  by  slowly  washing 
the  column  with  high  salt  solution  (1  M  NaCl,  20  mM  Tris/HCl-pH  7.5,  1  mM  EDTA). 
The  cDNA  was  precipitated  in  two  volumes  of  TE  buffer  and  six  volumes  of  100% 
ethanol  overnight  at  -20°C.  Before  using,  the  cDNA  was  resuspended  in  TE  buffer  and 
quantitated  by  reading  at  A260. 

Fibronectin  mRNA  Isolation  and  Analysis 

Total  RNA  was  obtained  by  the  use  of  phenol  extraction  (Sambrook  et  al.,  1989). 
This  method  utilizes  SDS  lysing  of  the  cells  thereby  releasing  nucleic  acids  and  proteins 
while  inhibiting  RNA  degrading  enzymes.  Phenol  at  acid  pH  was  used  to  separate 
nucleic  acid-associated  proteins  from  RNA. 

The  cell  cultures  were  rinsed  with  PBS  two  times  to  get  rid  of  cell  culture 
medium.  The  cells  were  scraped  out  and  lysed  with  SDS  (10  mM  EDTA-pH  8.0,  0.5% 
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SDS,  0.1M  Na-Acetate).  After  sonication,  the  lysate  RNA  was  extracted  by  the  addition 
of  acidic  phenol  (pH  3. 7-4.5)  and  subsequent  centrifugation  at  4°C  for  15  to  20  min.  The 
top  aqueous  layers  containing  RNA  were  carefully  collected  and  precipitated  overnight 
at  -20°C  in  0.07  M  Tris-pH  8.0,  0.87  M  NaCl,  and  100%  ethanol.  The  samples  were 
spun  and  RNA  pellets  washed  with  70%  ethanol  one  time.  To  avoid  RNA  degradation, 
it  is  better  to  keep  the  RNA  sample  in  0.05  volumes  of  3  M  ammonium  acetate  and  2.5 
volumes  of  ethanol  at  -20°C.  Before  using,  the  samples  were  spun  and  resuspended  in 
diethyl  pyrocarbonate  (DEPC)  treated  water  and  quantitated  at  A260. 

mRNA  Agarose  Gel  Electrophoresis 

Fifteen  pg  total  RNA  were  added  to  a  mixture  containing  IX  MOPS,  50% 
formamide  and  denatured  with  incubation  at  65°C  for  15  minutes.  After  mixing  with  0.2 
volumes  of  formaldehyde,  2  pi  loading  buffer  (1  mM  EDTA-pH  8.0,  50%  glycerol,  0.25% 
xylene  cyanol,  0.25%  bromophenol  blue)  and  2  pi  1  pg/ml  ethidium  bromide,  the  sample 
was  applied  to  a  well  in  a  slab  gel  containing  1.2%  agarose  in  IX  MOPS  and  6% 
formaldehyde.  The  gel  was  submerged  in  IX  MOPS  and  run  at  80  volts  until  the  leading 
dye  front  had  run  about  50%  of  the  gel  length. 

Once  the  electrophoresis  was  completed,  the  RNA  bands  were  photographed  on 
an  ultraviolet  transilluminator.  DEPC  treated  water  was  used  to  wash  out  formaldehyde 
from  the  gel.  Capillary  transfer  in  20X  SSPE  (17.4%  NaCl,  2.76%  NaH2P04,  1.24% 
EDTA,  pH  7.4)  was  used  to  transfer  the  RNA  to  a  nylon  membrane.  The  gel  was  placed 
on  top  of  a  strip  of  filter  paper  which  had  been  soaked  in  20X  SSPE.  This  paper  was 
draped  over  a  plastic  plate  and  allowed  to  hang  into  a  container  of  20X  SSPE.  A  sheet 
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of  nylon,  cut  to  the  dimensions  of  the  gel  and  soaked  in  DEPC  treated  water  followed  by 
20X  SSPE  was  placed  on  the  gel.  A  two  inch  stack  of  brown  paper  towels,  all  cut  to  the 
dimensions  of  the  gel,  was  placed  on  top  of  the  nylon.  A  second  plastic  plate  was  placed 
on  top  to  insure  contact  between  the  layers  of  paper.  After  overnight  transfer,  the  nylon 
was  baked  for  2  hours  at  80°C  in  an  oven  or  exposed  to  ultraviolet  irradiation  on  a 
transilluminator  for  4  min  to  fix  the  RNA  to  nylon.  This  step  permitted  it  to  be  incubated 
in  prehybridization  buffer  without  loss  of  the  RNA. 

Complementary  DNA  Labeling 

A  random  primer  DNA  labelling  kit  was  used  to  incorporate  [a-,2P]  dCTP  3000 
Ci/nM  into  the  cDNA.  This  method  uses  random  hexanucleotides  as  primers  which  bind 
to  the  denatured  cDNA  (25  ng).  The  large  subunit  of  DNA  polymerase  I  (Klenow 
fragment)  polymerizes  a  mixture  of  unlabeled  dATP,  dGTP  and  dTTP  along  with  the 
labelled  dCTP,  using  the  purified  cDNA  as  the  template.  The  reaction  was  run  for  2 
hours  at  37°C  and  terminated  by  removal  of  the  unincorporated  nucleotides  from  the 
labelled  cDNA  with  a  passage  over  the  Elutip-d  column.  The  dCT32P-labelled  cDNA 
fragments  were  then  be  incubated  with  the  northern  blot. 

Northern  Blotting 

The  hybridization  was  carried  out  using  a  published  procedure  (Church  and 
Gilbert,  1984).  Prehybridization  took  at  least  2  hours  at  65°C  in  a  hybridization  buffer 
containing  1%  BSA,  7%  SDS,  0.5  M  phosphate-pH  7.0  and  0.001  M  EDTA.  100  pg/ml 
sonicated  and  denatured  salmon  sperm  DNA  was  added  at  the  time  of  hybridization. 
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Hybridization  was  performed  for  16-24  h  at  65°C  using  cDNA  probes  labeled  with  32P  by 
the  random  hexamer  priming  procedure.  After  hybridization,  membranes  were  washed 
for  10  min  1  to  3  times  at  65°C  with  washing  buffer  containing  1%  SDS,  0.04  M 
phosphate,  0.001  M  EDTA.  A  y-ray  monitor  was  used  to  monitor  the  radioactivity  of  the 
membranes.  After  getting  an  optimal  signal,  blots  were  exposed  to  X-ray  films  between 
two  intensifying  screens  for  5  to  10  days  at  -80°C.  Developed  films  were  scanned  by 
laser  densitometry  and  analyzed  using  software  NIH  image  1.5.4.  The  term  "relative 
intensity"  used  in  this  dissertation  denotes  the  relative  density  of  fibronectin  mRNA  bands 
in  northern  blots. 

SDS-PAGE  Gel  Electrophoresis 

One-dimensional  polyacrylamide  gel  electrophoresis  under  denaturing  conditions 
was  used  to  separate  proteins  based  on  the  basis  of  molecular  size.  After  solubilizing  all 
the  proteins  by  boiling  in  the  presence  of  SDS  and  urea,  an  aliquot  of  the  protein  solution 
was  applied  to  a  gel  lane,  and  the  individual  proteins  or  their  subunits  were  separated 
electrophoretically. 

SDS-polyacrylamide  gel  usually  consists  of  a  separating  and  a  stacking  gel. 
Before  making  a  gel,  a  gel  cast  was  assembled  using  two  clean  glass  plates  (one  with 
comb)  and  a  rubber  spacer.  A  7%  separating  gel  was  made  by  mixing  9.3  ml  30% 
acrylamide/0.8%  biacrylamide,  10  ml  4X  Tris.Cl/SDS-pH  8.8,  and  20.7  ml  distal  water. 
The  mixture  was  degassed  10  to  15  min  and  0.4  ml  10%  ammonium  persulfate  and  0.03 
ml  TEMED  were  added.  A  syringe  connected  to  a  long  needle  was  used  to  transfer  the 
separating  gel  solution  to  the  gel  cast  along  an  edge  of  the  spacer  to  a  height  of  about  1 1 
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cm.  The  gel  was  polymerized  within  30  min  at  ambient  temperature.  A  4%  stacking  gel 
was  made  by  mixing  1.95  ml  30%  acrylamide/0.8%  biacrylamide,  3.75  ml  4X  Tris/SDS- 
pH  6.8,  and  9.15  ml  distilled  water.  After  degassing  and  the  addition  of  ammonium 
persulfate  and  TEMED,  the  gel  mixture  was  carefully  poured  into  the  cast,  until  the 
height  of  the  solution  in  the  cast  was  about  3  cm.  After  30  to  45  min  polymerization,  the 
plate  with  comb  and  rubber  spacer  were  carefully  removed  without  tearing  the  gel. 

The  gel  was  placed  on  the  electrophoresis  unit  and  two  buffer  chambers  were 
filled  with  2  liters  of  SDS/electrophoresis  buffer  (1.5%  Tris-base,  7.2%  glycine  and  0.5% 
SDS).  Two  stacks  of  filter  papers  that  had  been  soaked  in  SDS/electrophoresis  buffer 
connected  the  gel  and  electrodes  via  touching  one  side  to  the  top  or  bottom  of  the  gel  and 
draping  the  other  side  into  the  buffer  chambers. 

The  protein  to  be  analyzed  was  diluted  1:1.5  (vol/vol)  with  sample  buffer  (1% 
SDS,  8  M  urea,  1%  Dithiothreitol,  0.001  M  H3P04).  After  boiling  5  min  at  100°C  to 
denature  the  protein,  and  adding  bromophenol  blue,  the  samples  were  applied  to  the  gel 
and  run  at  40  mA  for  about  3-4  hours  at  12-15°C. 

When  electrophoresis  had  been  completed,  the  samples  were  transferred  from  the 
gel  to  PVDF  membrane.  A  piece  of  PVDF  membrane,  cut  to  the  same  dimensions  as  the 
gel  and  wetted  with  methanol  followed  by  distilled  water,  was  placed  on  top  of  the  gel. 
Two  stacks  of  filter  papers,  about  20  layers  each,  cut  to  the  same  dimensions  as  the  gel 
and  soaked  in  transfer  buffer  (25  mM  Tris-base,  192  mM  glycine,  0.0375%  SDS), 
sandwiched  the  gel.  Then,  the  filter  paper-gel  sandwich  was  transferred  onto  the  anode 
plate  of  the  transfer  unit.  The  cathode  plate  was  placed  on  top  of  the  sandwich.  Transfer 
usually  takes  about  2-3  hours  at  0.8  mAmps/cm2.  After  transforation,  the  gel  was  stained 
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with  coomassie  blue  to  insure  completed  transfer.  The  membrane  was  kept  in  washing 
buffer  (0.002%  Tween-20,  2  mM  Tris-HCl,  0.09%  NaCl,  0.002%  NaAzide,  pH  7.4),  until 
ready  for  western  blotting. 

Slot  Blotting 

To  get  an  optimal  protein  concentration  applied  to  the  slot  blot,  different  dilutions 
of  protein  samples  with  2%  deoxycholate  were  prepared.  The  samples  were  applied  to 
a  Filtration  Manifold  System  (Gibco/BRL).  The  proteins  were  bound  to  the  PVDF 
membrane  via  a  vacuum  connected  to  the  manifold.  The  membrane  containing  sample 
proteins  can  be  kept  in  washing  buffer  for  three  days,  until  ready  for  the 
chemiluminescent  western  blotting. 

Non-radioactive  Chemiluminescent  Western  Blotting 

After  the  protein  samples  were  transferred  to  PVDF  membranes  by  slot  blotting 
or  SDS-polyacrylamide  gel  transfer,  the  membranes  were  gently  washed  in 
blocking/antibody  incubation  buffer  (5%  dry,  non-fat  milk;  0.1%  Tween-20;  2  mM  Tris- 
HCl;  0.09%  NaCl;  0.002%  NaAzide;  pH  7.4)  for  one  hour.  The  first  antibody,  anti-rat 
fibronectin  antibody  from  rabbit  antiserum,  at  a  concentration  of  1:25000  diluted  in 
blocking/antibody  incubation  buffer,  was  added  to  the  membranes  and  incubated  for 
another  1  hour.  The  first  antibody  was  washed  out  by  several  washings  in  washing 
buffer.  The  second  antibody,  anti-rat  IgG  antibody  conjugated  with  alkaline  phosphatase, 
was  added  at  a  1:35000  dilution  in  blocking/antibody  incubation  buffer  and  incubated  with 
the  membrane  for  15  minutes.  Membranes  were  washed  in  washing  buffer  to  get  a  clean 
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background.  To  enhance  the  chemiluminescent  signal  on  PVDF  membranes,  a  5  minute 
incubation  in  Nitroblock  was  carried  out.  Finally,  the  membranes  were  subjected  to 
substrate  CSPD  solution  at  a  final  concentration  of  0.0024  mM.  After  five  minute 
reaction,  the  wet  membranes  were  wrapped  in  plastic  wrap  allowing  the  reaction  to 
proceed  for  another  15  minutes.  The  membranes  were  then  exposed  to  Kodak  XAR- 
OMAT  X-ray  films  for  1  to  3  minutes.  Developed  films  were  scanned  by  laser  scanner 
and  analyzed  using  software  NIH  image  1.5.4.  The  fibronectin  levels  were  determined 
via  comparing  the  density  measurement  obtained  from  fibronectin  standard  and  the 
density  measurement  obtained  from  samples. 

Statistical  Analysis 

One-way  analysis  of  variance  (ANOVA)  and  Tukey-Kramer  multiple  comparisons 
test  were  used  to  determine  statistical  significance.  Differences  were  considered 
significant  at  P<0.05.  Software  Instat  version  2.01  were  used  for  statistical  analysis. 


RESULTS 


Cell  Characterization 

Morphology.  Hematoxylin-Eosin  stain  was  used  to  examine  the  cell  morphology. 
Fibroblasts  isolated  from  rat  thoracic  aorta  showed  predominant  bi-  and  tripolar 
morphologies.  The  cell  border  was  smooth  and  there  were  small  processes  at  each  pole 
(Fig.  6).  At  confluence,  the  fibroblasts  aligned  in  parallel  arrays  giving  the  cell  cultures 
a  swirling  appearance. 

Immunofluorescent  stain,  a-smooth  muscle  actin  stain:  anti-rat  a-smooth  muscle 
actin  antibody  is  a  monoclonal  antibody  specific  to  smooth  muscle  cells. 
Immunofluorescent  staining  of  fibroblasts  isolated  from  rat  thoracic  aorta  with  monoclonal 
anti- a -smooth  muscle  actin  antibody  was  performed  to  estimate  the  purity  of  the 
fibroblast  cell  cultures.  The  staining  was  negative  in  the  fibroblasts  (top,  Fig.  7).  Smooth 
muscle  cells  isolated  from  rat  thoracic  aorta  were  used  as  a  positive  control.  The  bright 
white  color  in  the  picture  denoted  that  the  smooth  muscle  cells  contain  a-smooth  muscle 
actin  (bottom,  Fig.  7).  This  evidence  demonstrated  that  the  fibroblast  cell  cultures  were 
not  contaminated  by  smooth  muscle  cells. 

Factor  VIII  stain:  Factor  VIII  is  a  factor  which  is  only  present  in  endothelial  cells. 
To  find  out  whether  there  was  endothelial  cell  contamination,  the  cell  cultures  were 
reacted  with  rat  polyclonal  anti-Factor  VIII  antibody  (Fig.  8).  The  negative  results  in 
fibroblasts  isolated  from  thoracic  aorta  suggested  that  there  was  no  endothelial  cell 
contamination  in  these  cultures. 
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Figure  6.  Hematoxylin-Eosin  stain  of  cultured  fibroblasts  isolated  from  WKY  rat  thoracic 
aorta. 
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Figure  7.  Immunofluorescent  stain  of  cultured  fibroblasts  (top)  and  smooth  muscle  cells 
(bottom)  isolated  from  WKY  rat  thoracic  aorta  with  monoclonal  anti-rat  a -smooth  muscle 
actin  antibody.  The  bright  white  color  in  the  picture  is  a -smooth  muscle  actin. 
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Figure  8.  Immunofluorescent  stain  of  cultured  fibroblasts  isolated  from  rat  thoracic  aorta 
with  polyclonal  anti-rat  Factor  VIII  antibody. 
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The  presence  of  fibronectin  in  the  cell  cultures  was  confirmed  by 
immunofluorescent  staining  with  rat  polyclonal  anti-fibronectin  antibody.  A  large  amount 
of  fibronectin  production  (bright  white  color  in  the  picture),  was  detected  in  these  cultures 
(Fig.  9). 

Fibronectin  mRNA  Response  to  PDGF-BB 

Fibronectin  mRNA  time-response  experiments.  PDGF-BB  produced  rapid  and 
transient  stimulation  of  fibronectin  gene  expression  in  vascular  fibroblasts  (Fig.  10,  11). 
Cell  cultures  were  treated  with  PDGF-BB  with  a  final  concentration  of  20  ng/ml, 
fibronectin  mRNA  levels  were  assessed  at  2,  4,  6  and  8  hours  after  PDGF-BB  addition. 
In  the  northern  blot  analysis,  an  increase  in  fibronectin  mRNA  levels  after  PDGF 
treatment  was  first  detected  at  4  hours  and  appeared  maximal  (1.2-fold  above  normal 
values)  at  6  hours  (Fig.  10,  11).  These  increases  were  transient,  and  returned  to  basal 
levels  by  14  hours.  No  further  changes  in  fibronectin  mRNA  levels  were  found  at  24 
hours  (data  not  shown). 

In  northern  blotting  analysis,  18s  ribosomal  RNA  was  used  as  an  internal  control. 
Uniform  18s  ribosome  RNA  bands  denote  (1)  uniform  application  of  the  RNA  samples 
to  the  gel;  (2)  uniform  transfer  of  the  RNA  samples  from  the  gel  to  the  nylon;  (3)  the 
increase  of  fibronectin  mRNA  levels  was  a  specific  response  to  growth  factors  and  not 
due  to  a  generalized  effect  on  RNA  synthesis  (Fig.  10,  13,  16,  19,  22). 

Total  RNA  levels  at  different  time  points  after  PDGF-BB  addition  showed  no 


difference  when  compared  to  untreated  control  (P  >  0.05  vs.  control)  (Fig.  12). 
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Figure  9.  Immunofluorescent  stain  of  cultured  fibroblasts  isolated  from  rat  thoracic  aorta 
with  (top)  and  without  (bottom)  polyclonal  anti-fibronectin  antibody.  The  bright  white 
color  in  the  picture  is  fibronectin. 
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Figure  10.  Northern  blot  of  fibronectin  mRNA  levels  in  response  to  PDGF-BB  in  time- 
response  experiments.  Total  RNA  (15  pg/lane),  extracted  from  20  ng/ml  PDGF-BB 
treated  fibroblasts  at  different  time  points,  was  probed  with  cDNA  for  fibronectin  (top). 
Same  blot  was  stripped  and  reprobed  with  cDNA  for  18s  mRNA  (bottom). 
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Figure  11.  Fibronectin  mRNA  levels  in  response  to  PDGF-BB  in  time-response 
experiments.  Fibroblasts  isolated  from  rat  thoracic  aorta  were  treated  with  20  ng/ml 
PDGF-BB.  Fibronectin  mRNA  levels  obtained  from  15  pg  total  RNA  was  analyzed  at 
2,  4,  6  and  8  hours  after  PDGF-BB  addition,  n  =  5.  *  P  <  0.05  vs.  untreated  control. 
**  P  <  0.01  vs.  untreated  control.  ***  P  <  0.001  vs.  untreated  control. 
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Figure  12.  Total  RNA  levels  in  response  to  PDGF-BB  in  time-response  experiments 
The  fibroblasts  were  treated  with  20  ng/ml  PDGF-BB.  Total  RNA  was  extracted  at  2,  4 
6  and  8  hours  after  PDGF-BB  addition,  n  =  5.  P  >  0.05  vs.  untreated  control. 
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Figure  13.  Northern  blot  of  fibronectin  mRNA  levels  in  response  to  PDGF-BB  in  dose- 
response  experiments.  Total  RNA  (15  pg/lane),  from  fibroblasts  treated  with  PDGF-BB 
at  a  concentration  of  5,  10,  20  and  40  ng/ml  for  6  hours,  was  probed  with  cDNA  for 
fibronectin  mRNA  (middle).  Same  blot  was  stripped  and  reprobed  with  cDNA  for  18s 
mRNA  (bottom).  Top  panel  is  ethidium  bromide  stained  total  RNA  samples  used  for 
northern  blotting.  FN,  fibronectin. 
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Figure  14.  Fibronectin  mRNA  levels  in  response  to  PDGF-BB  in  dose-response 
experiments.  Fibroblasts  isolated  from  rat  thoracic  aorta  were  treated  with  5,  10,  20  and 
40  ng/ml  PDGF-BB.  Fibronectin  mRNA  levels  were  analyzed  at  6  hours  after  PDGF-BB 
addition  by  northern  blotting,  n  =  6.  **  P  <  0.01  vs.  untreated  control.  ***  P  <  0.001 
vs.  untreated  control. 
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Fibronectin  mRNA  dose-response.  PDGF-BB  stimulated  fibronectin  mRNA  in 
vascular  fibroblasts  in  a  dose-dependent  manner  (Fig.  13,  14).  Fibroblasts  were  treated 
with  PDGF-BB  at  a  final  concentration  of  5,  10,  20  and  40  ng/ml  respectively. 
Fibronectin  mRNA  levels  were  assessed  6  hours  after  PDGF-BB  addition.  Significant 
increases  in  fibronectin  mRNA  levels  were  found  after  exposure  of  cell  cultures  to  10 
ng/ml  PDGF-BB.  Further  increases  in  PDGF-BB  concentrations  produced  gradual 
increases  in  fibronectin  mRNA  levels.  After  exposure  of  cell  cultures  to  40  ng/ml  PDGF- 
BB,  fibronectin  mRNA  levels  were  1.3-fold  above  normal  values  (Fig.  14). 

Assurance  that  equal  amounts  of  total  cellular  RNA  were  loaded  per  lane  was 
made  by  ethidium  bromide  staining  of  the  major  ribosomal  RNA  bands  of  the  samples 
used  for  northern  blot  analysis  (Fig.  13).  Ethidium  bromide  at  a  concentration  of  1 
mg/ml  was  added  to  the  total  RNA  samples  before  the  samples  were  applied  to  the 
agarose  gel.  Ethidium  bromide  staining  also  helped  determine  whether  there  was  RNA 
degradation  in  the  sample. 

The  total  mRNA  levels  at  different  PDGF-BB  dosages  showed  no  significant 
variation  (P  >  0.05  vs.  untreated  control)  (Fig.  15). 

Fibronectin  mRNA  in  Response  to  IGF-I 

IGF-I  also  produced  a  fast  stimulation  of  fibronectin  mRNA  in  vascular 
fibroblasts  (Fig.  16,  17).  In  the  time-response,  fibroblasts  were  treated  with  20  ng/ml 
IGF-I,  and  fibronectin  mRNA  levels  were  assessed  at  2,  4,  6  and  8  hours  after  IGF-I 
addition.  Significant  increases  in  fibronectin  mRNA  levels  were  detected  at  6  hour  after 
PDGF-BB  addition.  The  fibronectin  mRNA  levels  at  8  hours  is  approximately  2.5- 
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Figure  15.  Total  RNA  levels  in  response  to  PDGF-BB  in  dose-response  experiments. 
Fibroblasts  isolated  from  rat  thoracic  aorta  were  treated  with  5,  10,  20  and  40  ng/ml 
PDGF-BB  respectively.  Total  RNA  was  extracted  6  hours  after  PDGF-BB  treatment,  n 
=  6.  P  >  0.05  vs.  control. 
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Figure  16.  Northern  blot  of  fibronectin  mRNA  levels  in  response  to  IGF-I  in  time- 
response  experiments.  Total  RNA  (15  pg/lane),  from  fibroblasts  treated  with  IGF-I  (20 
ng/ml)  for  2,  4,  6  and  8  hours  respectively,  was  probed  with  cDNA  for  fibronectin  mRNA 
(top).  Same  blot  was  stripped  and  reprobed  with  cDNA  for  18s  mRNA  (bottom). 
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Figure  17.  Fibronectin  mRNA  levels  in  response  to  IGF-I  in  time-response  experiments. 
Fibroblasts  isolated  from  rat  thoracic  aorta  were  treated  with  20  ng/ml  IGF-I.  Total  RNA 
was  extracted  at  2,  4,  6  and  8  hours  after  IGF-I  addition,  n  =  5.  ***  P  <  0.001  vs. 
untreated  control. 
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fold  above  the  normal  values  (Fig.  17). 

No  difference  was  found  in  total  RNA  levels  at  different  time  points  after  IGF-I 
addition  (P  >  0.05  vs.  untreated  control)  (Fig.  18). 

Interaction  Between  PDGF-BB  and  IGF-I  on  Stimulating  Fibronectin  mRNA  Levels 

The  above  results  demonstrate  that  either  PDGF-BB  or  IGF-I  was  able  to 
stimulate  fibronectin  mRNA  expression  individually  in  vascular  fibroblasts.  To  further 
determine  whether  PDGF-BB  could  act  additively  or  synergistically  with  IGF-I,  the 
interaction  between  PDGF-BB  and  IGF-I  was  examined  by  exposure  of  cell  cultures  for 
6  hours  to  PDGF-BB  (20  ng/ml)  and  IGF-I  (20  ng/ml)  simultaneously.  The  results  show 
a  synergistic  increase  (276%)  in  fibronectin  mRNA  levels  in  cells  exposed  to  both  PDGF- 
BB  and  IGF-I  (Fig.  19,  20).  There  was  an  85%  increase  of  fibronectin  mRNA  levels  in 
fibroblasts  treated  with  PDGF-BB  (20  ng/ml)  and  a  93%  increase  in  cells  treated  with 
IGF-I  (20  ng/ml). 

No  difference  was  found  in  total  RNA  levels  between  growth  factor  treated  and 
untreated  samples  (P  >  0.05)  (Fig.  21). 

The  Effect  of  Cvcloheximide  and  Actinomycin  D  on  Fibronectin  mRNA  Synthesis 

To  elucidate  the  possible  mechanisms  underlying  the  fibronectin  mRNA  response 
to  PDGF-BB,  PDGF-BB  (20  ng/ml)  was  added  to  cell  cultures  in  the  presence  of 
cycloheximide  (a  final  concentration  of  36  mM/ml),  a  protein  synthesis  inhibitor,  and 
actinomycin  D  (a  final  concentration  of  40  mM/ml),  a  transcription  inhibitor. 
Cycloheximide  resulted  in  a  greater  increase  in  fibronectin  mRNA  levels  (Fig.  22). 
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Figure  18.  Total  RNA  levels  in  response  to  IGF-I  in  time-response  experiments.  The 
fibroblasts  isolated  from  rat  thoracic  aorta  were  treated  with  20  ng/ml  IGF-I.  Total  RNA 
was  extracted  at  2,  4,  6  and  8  hours  after  IGF-I  addition,  n  =  5.  P  >  0.05  vs.  untreated 
control. 
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Figure  19.  Northern  blot  of  fibronectin  mRNA  levels  in  response  to  PDGF-BB  and  IGF-I 
in  fibroblasts  isolated  from  rat  thoracic  aorta.  Total  RNA  (15  pg/lane),  from  fibroblasts 
treated  for  6  hours  with  either  PDGF-BB  (20  ng/ml)  (P)  or  IGF-I  (20  ng/ml)  (I),  or  both 
together  (20  ng/ml  each)  (P+I),  was  probed  with  cDNA  for  fibronectin  mRNA  (top). 
Same  blot  was  stripped  and  reprobed  with  cDNA  for  18s  mRNA  (bottom).  CON., 
control. 
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Figure  20.  Fibronectin  mRNA  levels  in  response  to  PDGF-BB  and  IGF-I.  Fibroblasts 
were  treated  with  PDGF-BB  (20  ng/ml)  and  IGF-I  (20  ng/ml)  respectively,  or  treated  with 
PDGF-BB  and  IGF-I  (20  ng/ml  each)  simultaneously.  Fibronectin  mRNA  levels  were 
estimated  by  northern  blot  analysis  at  6  hours  after  growth  factor  addition,  n  =  6.  **  P 
<  0.01  vs.  untreated  control.  ***  P  <  0.001  vs.  untreated  control.  CON.,  control. 
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Figure  21.  Total  RNA  levels  in  response  to  PDGF-BB  and  IGF-I.  Vascular  Fibroblasts 
were  exposed  to  PDGF-BB  (20  ng/ml)  and  IGF-I  (20  ng/ml)  respectively,  or  exposed  to 
PDGF-BB  and  IGF-I  simultaneously.  Total  RNA  was  extracted  at  6  hour  after  growth 
factor  addition,  n  =  6.  P  >  0.05  vs.  untreated  control. 
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Figure  22.  Northern  blot  of  the  effects  of  cycloheximide  and  actinomycin  D  on 
fibronectin  mRNA  expression.  Total  RNA  (15  pg/lane),  from  fibroblasts  treated  with 
PDGF-BB  (20  ng/ml)  only  (P),  PDGF-BB  plus  cycloheximide  (36  mM/ml)  (P+C),  and 
PDGF-BB  plus  actinomycin  D  (40  mM/ml)  (P+A),  was  probed  with  cDNA  for  fibronectin 
mRNA  (top).  Same  blot  was  stripped  and  reprobed  with  cDNA  for  18s  mRNA  (bottom). 
C,  untreated  control. 
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Actinomycin  D  blocked  the  increase  of  fibronectin  mRNA  levels  induced  by  PDGF-BB 
(Fig.  22). 

Fibronectin  Standard  Serial  Dilution 

A  serial  fibronectin  standard  (rat  serum  fibronectin)  dilution,  from  80  ng/well  to 
2.5  ng/ml,  was  made  to  obtain  optimal  fibronectin  concentration  and  anti-fibronectin 
antibody  concentration  applied  to  slot  blotting  (top,  Fig.  23).  A  concentration-intensity 
curve  was  drawn  according  to  the  relative  intensity  of  fibronectin  standard  obtained  from 
slot  blotting  (bottom.  Fig.  23).  The  relative  intensity  of  fibronectin  increased  rapidly  at 
concentrations  of  2.5  to  20  ng/well.  The  curve  started  reaching  a  plateau  at  a 
concentration  of  20  to  40  ng/well.  Fibronectin  standard,  10  ng/well,  was  applied  to  every 
blot. 

SDS-PAGE  Gel  Electrophoresis 

SDS-Polyacrylamide  gel  electrophoresis  was  used  to  separate  fibronectin 
molecules  from  other  proteins.  After  western  blotting  analysis,  only  one  fibronectin  band 
was  detected  in  the  blot  (Fig.  24)  suggesting  that  (1)  the  fibronectin  antibody  was 
specific  to  fibronectin.  No  non-specific  binding  was  detected;  (2)  slot  blotting  can  be 
used  to  examine  the  fibronectin  levels. 

PDGF-BB  stimulated  fibronectin  levels  can  also  be  demonstrated  in  the  western 
blot.  A  significant  increase  in  fibronectin  levels  after  PDGF-BB  (20  ng/ml)  treatment  was 
detected  in  both  cell  culture  medium  and  cell  samples  (Fig.  24). 
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Figure  23.  Slot  blot  of  serial  diluted  rat  serum  fibronectin  (top).  Bottom  panel  is  the 
concentration-intensity  curve  of  rat  serum  fibronectin  drawn  according  to  the  relative 
intensity  of  fibronectin  obtained  from  slot  blotting.  FN,  fibronectin. 
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Figure  24.  Western  blot  of  fibronectin  produced  by  fibroblasts  isolated  from  rat  thoracic 
aorta.  Total  protein  extracted  from  fibroblasts  was  separated  by  SDS-PAGE  gel 
electrophoresis  and  was  probed  by  anti-fibronectin  antibody,  std,  fibronectin  standard; 
con,  control;  BB,  PDGF-BB  (20  ng/ml)  treated. 
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Figure  25.  Intracellular  fibronectin  levels  in  response  to  PDGF-BB  in  time-response 
experiments.  Fibroblasts  were  treated  with  20  ng/ml  PDGF-BB  for  4,  8,  12  and  24  hours 
respectively.  Fibronectin  levels  were  assessed  by  slot  blotting  and  western  blotting,  n 
=  8.  *  P  <  0.05  vs.  untreated  control. 
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Figure  26.  Medium  fibronectin  levels  in  response  to  PDGF-BB  in  time-response 
experiments.  Fibroblasts  were  treated  with  PDGF-BB  (20  ng/ml)  for  4,  8,  12  and  24 
hours  respectively.  Fibronectin  levels  were  assessed  by  slot  blotting  and  western  blotting, 
n  =  10.  *  P  <  0.05  vs.  untreated  control.  **  P  <  0.01  vs.  untreated  control. 
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Fibronectin  Response  to  PDGF-BB 

Fibronectin  time-response  experiments.  PDGF-BB  stimulated  fibronectin  levels 
in  both  the  intracellular  compartment  and  the  cell  culture  medium  (Fig.  25,  26).  Cell 
cultures  were  treated  with  PDGF-BB  at  a  final  concentration  of  20  ng/ml  and  fibronectin 
levels  in  the  cell  and  in  the  cell  culture  medium  were  evaluated  at  4,  8,  12  and  24  hours 
after  PDGF-BB  addition  by  slot  blotting  and  western  blotting.  Significant  increase  of 
cellular  fibronectin  levels  (21%  higher  than  that  of  untreated  control)  was  detected  at  8 
hours  and  lasted  to  12  hours  after  PDGF-BB  treatment  (Fig.  25).  In  the  cell  culture 
medium,  a  maximal  increase  of  fibronectin  levels  (20%  higher  than  that  of  untreated 
control)  occurred  at  12  hours  after  PDGF-BB  addition  (Fig.  26).  The  fibronectin  response 
to  PDGF-BB  also  was  fast  and  transient.  No  difference  in  fibronectin  levels  between 
treated  and  untreated  samples  was  detected  at  24  hours  after  PDGF-BB  treatment. 

The  total  protein  levels  in  the  PDGF-BB  treated  group  increased  at  24  hours  after 
PDGF-BB  addition.  There  was  no  significant  increase  in  total  protein  levels  between 
treated  and  untreated  groups  at  any  time  point  (Fig.  27). 

Fibronectin  dose-response  experiments.  Dose-dependent  increases  in  fibronectin 
levels  in  responding  to  PDGF-BB  were  demonstrated  in  both  the  intracellular 
compartment  and  the  cell  culture  medium  (Fig.  28,  29).  Cell  cultures  were  treated  with 
5,  10,  20  and  40  ng/ml  PDGF-BB.  Fibronectin  levels  in  the  cell  and  cell  culture  medium 
were  assessed  at  12  hours  after  PDGF-BB  addition.  Significant  increases  in  fibronectin 
levels  were  detected  after  exposed  cells  to  10  ng/ml  PDGF-BB  in  the  cell  (Fig.  28)  and 
to  20  ng/ml  PDGF-BB  in  cell  culture  medium  (Fig.  29).  After  20  ng/ml  PDGF-BB 
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Figure  27.  Total  protein  levels  in  response  to  PDGF-BB  in  time-response  experiments. 
Fibroblasts  were  treated  with  PDGF-BB  (20  ng/ml)  for  4,  8,  12  and  24  hours  respectively. 
Total  protein  was  measured  by  Lowry  Assay,  n  =  12. 
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Figure  28.  Intracellular  fibronectin  levels  in  response  to  PDGF-BB  in  dose-response 
experiments.  Fibroblasts  were  incubated  with  PDGF-BB  at  concentrations  of  5,  10,  20 
and  40  ng/ml  for  12  hours.  Fibronectin  levels  were  assessed  by  slot  blotting  and  western 
blotting,  n  =  8.  ***  P  <  0.001  vs.  untreated  control. 
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Figure  29.  Medium  fibronectin  levels  in  response  to  PDGF-BB  in  dose-response 
experiments.  Fibroblasts  were  incubated  with  PDGF-BB  at  concentrations  of  5,  10,  20 
and  40  ng/ml  for  12  hours.  Fibronectin  levels  were  assessed  by  slot  blotting  and  western 
blotting,  n  =  9.  **  P  <  0.01  vs.  untreated  control.  ***  P  <  0.001  vs.  untreated  control. 
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Figure  30.  Total  protein  levels  in  response  to  PDGF-BB  in  dose-response  experiments. 
Fibroblasts  were  incubated  with  IGF-I  at  concentrations  of  5,  10,  20  and  40  ng/ml  for  12 
hours.  Total  protein  was  measured  by  Lowry  Assay,  n  =  10.  ***  P  <  0.001  vs. 

untreated  control. 
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addition,  intracellular  and  extracellular  fibronectin  levels  increased  48%  and  67%, 
respectively. 

Total  protein  levels  obtained  from  cells  exposed  to  40  ng/ml  PDGF-BB  were 
higher  than  that  of  untreated  control  group  (Fig.  30). 

Fibronectin  Response  to  IGF-I 

Fibronectin  time-response  experiments.  Cell  cultures  were  incubated  with  20 
ng/ml  (final  concentration)  IGF-I  for  4,  8,  12  and  24  hours  respectively.  Fibronectin 
levels  in  the  cells  and  culture  medium  were  evaluated  separately.  IGF-I  induced  both 
intracellular  fibronectin  levels  and  fibronectin  secretion  into  the  cell  culture  medium. 
Increases  in  fibronectin  levels  were  only  detected  at  8  hours  after  IGF-I  addition  in  the 
fibroblasts  (Fig.  31)  and  12  hours  in  the  cell  culture  medium  (Fig.  32).  IGF-I  produced 
a  25%  and  28%  increase  in  fibronectin  levels  in  the  cells  and  cell  culture  medium, 
respectively. 

At  12  and  24  hours  after  IGF-I  addition,  total  protein  levels  in  fibroblasts 
increased  in  both  treated  and  untreated  groups  (Fig.  33).  However,  no  significant  increase 
was  found  between  the  treated  and  untreated  group  at  the  same  time  points. 

Fibronectin  dose-response  experiments.  Increased  fibronectin  levels  response  to 
IGF-I  was  dose  dependent  (Fig.  34,  35).  Fibroblasts  were  incubated  with  5,  10,  20  and 
40  ng/ml  IGF-I  (final  concentration),  respectively,  for  12  hours.  Fibronectin  levels  were 
assessed  by  slot  blotting.  IGF-I  at  a  concentration  of  10  ng/ml  induced  a  significant 
increase  in  both  intracellular  and  extracellular  fibronectin.  Increasing  IGF-I  concentration 
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Figure  31.  Intracellular  fibronectin  levels  in  response  to  IGF-I  in  time-response 
experiments.  Fibroblasts  were  exposed  to  IGF-I  (20  ng/ml)  for  4,  8,  12  and  24  hours 
respectively.  Fibronectin  levels  were  assessed  by  slot  blotting  and  western  blotting,  n 
=  10.  *  P  <  0.05  vs.  untreated  control. 
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Figure  32.  Medium  fibronectin  levels  in  response  to  IGF-I  in  time-response  experiments. 
Fibroblasts  were  exposed  to  IGF-I  (20  ng/ml)  for  4,  8,  12  and  24  hours  respectively. 
Fibronectin  levels  were  evaluated  by  slot  blotting  and  western  blotting,  n  =  10.  **  P  < 
0.01  vs.  untreated  control. 
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Figure  33.  Total  protein  levels  in  response  to  IGF-I  in  time-response  experiments. 
Fibroblasts  were  exposed  to  IGF-I  (20  ng/ml)  for  4,  8,  12  and  24  hours  respectively. 
Total  protein  was  measured  by  Lowry  Assay,  n  =  12. 
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Figure  34.  Intracellular  fibronectin  levels  in  response  to  IGF-I  in  dose-response 
experiments.  Fibroblasts  were  treated  with  IGF-I  at  a  final  concentration  of  5,  10,  20  and 
40  ng/ml  for  12  hours.  Fibronectin  levels  were  assessed  by  slot  blotting  and  western 
blotting,  n  =  8.  *  P  <  0.05  vs.  untreated  control.  **  P  <  0.01  vs.  untreated  control.  *** 
P  <  0.001  vs.  untreated  control. 
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Figure  35.  Medium  fibronectin  levels  in  response  to  IGF-I  in  dose-response  experiments. 
Fibroblasts  were  treated  with  IGF-I  at  a  final  concentration  of  5,  10,  20  and  40  ng/ml  for 
12  hours.  Fibronectin  levels  were  assessed  by  slot  blotting  and  western  blotting,  n  =  8. 
*  P  <  0.05  vs.  untreated  control.  ***  P  <  0.001  vs.  untreated  control. 
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Figure  36.  Total  protein  levels  in  response  to  IGF-I  in  dose-response  experiments. 
Fibroblasts  were  treated  with  IGF-I  at  a  final  concentration  of  5,  10,  20  and  40  ng/ml  for 
12  hours.  Total  protein  was  measured  by  Lowry  Assay,  n  =  8. 
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to  40  ng/ml,  produced  a  58%  increase  in  fibronectin  levels  in  the  cells  (Fig.  34)  and  a 
80%  increase  in  the  cell  culture  medium  compared  with  the  untreated  control  (Fig.  35). 

In  fibronectin  dose-response  experiments,  no  significant  variation  of  total  protein 
levels  of  samples  was  found  after  treating  cell  cultures  with  different  IGF-I  concentrations 
(Fig.  36). 

Interaction  Between  PDGF-BB  and  IGF-I  in  Stimulating  Fibronectin  Levels 

That  PDGF-BB  acted  synergistically  with  IGF-I  in  stimulating  fibronectin  levels 
in  both  the  intracellular  compartment  and  cell  culture  medium  (Fig.  37,  38).  Cell  cultures 
exposed  to  PDGF-BB  (20  ng/ml)  and  IGF-I  (20  ng/ml)  simultaneously  for  12  hours 
produced  a  115%  increase  in  intracellular  fibronectin  levels,  while  a  30%  and  33% 
increase  in  fibronectin  levels  were  detected  after  cells  were  treated  with  PDGF-BB  (20 
ng/ml)  or  IGF-I  (20  ng/ml),  respectively  (Fig.  37).  In  the  cell  culture  medium,  similar 
results  were  obtained.  There  was  a  1 16%  increase  in  medium  fibronectin  levels  after  cell 
cultures  were  treated  with  both  PDGF-BB  and  IGF-I  (20  ng/ml  each)  simultaneously. 
Cell  cultures  treated  with  PDGF-BB  (20  ng/ml)  or  IGF-I  (20  ng/ml)  respectively, 
increased  fibronectin  levels  by  26%  and  29%  (Fig.  38). 

No  difference  in  total  protein  levels  between  both  growth  factor  treated  and 
untreated  groups  was  detected  (P  >  0.05)  (Fig.  39). 
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Figure  37.  Intracellular  fibronectin  levels  in  response  to  PDGF-BB  and  IGF-I. 
Fibroblasts  were  exposed  to  PDGF-BB  (20  ng/ml)  and  IGF-I  (20  ng/ml)  respectively,  or 
exposed  to  PDGF-BB  and  IGF-I  (20  ng/ml  each)  simultaneously.  Fibronectin  levels  were 
assessed  by  slot  blotting  and  western  blotting  at  12  hours  after  growth  factor  addition, 
n  =  8.  *  P  <  0.05  vs.  untreated  control.  ***  P  <  0.001  vs.  untreated  control. 
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Figure  38.  Medium  fibronectin  levels  in  response  to  PDGF-BB  and  IGF-I.  Fibroblasts 
were  exposed  to  PDGF-BB  (20  ng/ml)  and  IGF-I  (20  ng/ml)  respectively,  or  exposed  to 
PDGF-BB  and  IGF-I  (20  ng/ml  each)  simultaneously.  Fibronectin  levels  were  assessed 
by  slot  blotting  and  western  blotting  at  12  hours  after  growth  factor  addition,  n  =  8.  * 
P  <  0.05  vs.  untreated  control.  ***  P  <  0.001  vs.  untreated  control. 
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Figure  39.  Total  protein  levels  in  response  to  PDGF-BB  and  IGF-I.  Fibroblasts  were 
exposed  to  PDGF-BB  (20  ng/ml)  and  IGF-I  (20  ng/ml)  respectively,  or  exposed  to  PDGF- 
BB  and  IGF-I  (20  ng/ml)  simultaneously.  Total  protein  levels  were  measured  by  Lowry 
Assay,  n  =  10. 


DISCUSSION 


In  recent  years  there  have  been  many  reports  indicating  that  changes  in  the 
composition  of  the  extracellular  matrix  have  profound  effects  on  cell  proliferation  and 
differentiation.  Physiological  and  pathological  processes  involving  cell  growth  and 
differentiation,  such  as  wound  healing,  atherosclerosis  and  hypertension  are  also 
associated  with  complex  patterns  of  extracellular  matrix  accumulation  (Grinnell  1984). 
The  remarkable  parallelism  that  exists  between  the  types  of  cellular  responses  elicited  by 
PDGF  and  the  effects  of  the  extracellular  matrix  on  cell  proliferation  led  to  the  possibility 
that  a  key  event  in  the  action  of  PDGF  could  be  the  induction  of  changes  in  composition 
and/or  abundance  of  extracellular  matrices.  Growth  factors  regulate  fibronectin  gene 
expression  have  been  reported  in  recent  years.  Studies  by  Blatti  et  al.  (1988)  and  Allen- 
Hoffmann  et  al.  (1990)  suggested  that  PDGF  stimulates  fibronectin  gene  expression  in 
AKR-2B  cells  and  human  fibroblasts.  Transforming  growth  factor-B  (TGF-B)  has  been 
shown  to  regulate  the  expression  of  fibronectin  and  other  components  of  the  extracellular 
matrix  in  fibroblasts  and  aortic  endothelial  cells  (Ignotz  and  Massague  1986,  Madri  et  al. 
1988,  1989,  Roberts  et  al.  1988,  Penttinen  et  al.  1988).  In  addition  to  PDGF  and  TGF-B, 
substances  shown  to  influence  fibronectin  expression  in  cultured  cells  include 
glucocorticoid  (Dean  et  al.  1988),  cAMP  (Dean  et  al.  1988),  interleukin-6  (Hagiwara  et 
al.  1990),  epidermal  growth  factor  (Blatti  et  al.  1988),  glucose  (Roy  et  al.  1990),  heparin 
(Liau  et  al.  1989),  and  tumor  necrosis  factor  (Mauviel  et  al.  1988). 
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The  present  studies  demonstrates  that  PDGF-BB,  one  of  the  isoforms  of  PDGF- 
related  molecules  enhances  fibronectin  gene  expression  in  cultured  rat  thoracic  aortic 
fibroblasts.  Fibroblasts  isolated  from  rat  thoracic  aorta  were  used  in  these  studies  because 
they  synthesize  a  large  amount  of  fibronectin  which  in  turn  may  stimulate  vascular 
smooth  muscle  cell  proliferation.  Since  PDGF-BB  is  the  most  potent  growth  factor 
among  the  three  isoforms  (Heldin  et  al.  1988)  and  PDGF-BB  binding  sites  are  most 
abundant  in  human  fibroblasts  (Hart  et  al.  1988),  the  role  of  PDGF-BB  in  fibronectin 
gene  expression  in  vascular  fibroblasts  were  investigated. 

Fibronectin  mRNA  Response  to  PDGF-BB 

Northern  blot  analysis  demonstrated  that  PDGF-BB  induces  a  fast  and  transient 
fibronectin  mRNA  increase.  Elevated  fibronectin  mRNA  levels  in  response  to  PDGF-BB 
were  time  and  dose-dependent  (Fig.  25,  26,  28,  29).  The  induction  of  fibronectin  mRNA 
levels  by  PDGF-BB  is  specific  because  18s  RNA  levels  did  not  vary  significantly  after 
PDGF-BB  addition  (Fig.  12,  15).  In  addition,  total  RNA  levels  did  not  change  in  the  time 
and  dose  response  experiments  after  PDGF-BB  treatment  (Fig.  12,  15)  suggesting  that  the 
increase  of  fibronectin  mRNA  levels  was  a  specific  response  to  PDGF-BB,  not  a 
generalized  effect  on  total  RNA  levels  (Fig.  12,  15). 

To  explore  the  interaction  between  PDGF-BB  and  IGF-I  on  fibronectin  gene 
expression,  the  effects  of  IGF-I  on  fibronectin  mRNA  levels  were  investigated.  IGF-I 
produced  a  2.5-fold  increase  of  fibronectin  mRNA  levels  at  a  concentration  of  20  ng/ml 
(Fig.  16,  17).  There  was  no  change  in  total  RNA  levels  at  different  time  points 
suggesting  that  the  fibronectin  mRNA  response  was  specific  to  IGF-I  (Fig.  18). 
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To  elucidate  the  possible  mechanisms  underlying  the  fibronectin  mRNA  response 
to  PDGF-BB,  the  effects  of  actinomycin  D  and  cycloheximide  on  PDGF-BB  induced 
Fibronectin  mRNA  levels  were  examined.  Inhibition  of  the  PDGF-BB  induced  fibronectin 
mRNA  levels  by  actinomycin  D  (Fig.  22)  suggests  that  PDGF-BB  regulates  fibronectin 
mRNA  synthesis  at  the  transcriptional  level.  When  fibroblasts  were  exposed  to  both 
cycloheximide  and  PDGF-BB,  fibronectin  mRNA  levels  were  enhanced  even  more  than 
by  IGF-I  alone  (Fig.  22).  It  is  possible  that  increased  fibronectin  mRNA  levels  could  be 
the  result  of  increased  mRNA  stability,  presumably  through  the  inhibition  of  the  synthesis 
of  ribonucleases  which  degrade  the  mRNA.  It  is  also  possible  that  cycloheximide  could 
block  the  synthesis  or  activity  of  a  short  lived  negative  regulator  of  fibronectin  gene 
expression.  A  superinduction  of  thrombospondin  mRNA  and  an  attenuation  of  PDGF  a 
and  6  receptor  mRNA  by  cycloheximide  were  reported  (Majack  et  al.  1987,  Eriksson  et 
al.  1991). 

Effect  of  PDGF-BB  on  Fibronectin  Levels 

Fibronectin  biosynthesis  is  influenced  by  many  factors,  but  fibronectin  mRNA  is 
the  major  determinant  (Hynes  1990).  If  PDGF  and  IGF-I  enhance  the  fibronectin  mRNA 
levels,  the  change  in  fibronectin  mRNA  levels  should  correspond  to  a  change  in 
fibronectin  levels.  The  effects  of  PDGF-BB  and  IGF-I  on  fibronectin  levels  were 
examined.  PDGF-BB  and  IGF-I  enhance  fibronectin  levels  in  the  cell  samples  and  in  the 
culture  media,  respectively.  The  effects  of  PDGF-BB  and  IGF-I  on  fibronectin  levels 
were  also  dose-dependent.  The  peak  response  of  fibronectin  mRNA  induced  by  PDGF- 
BB  and  IGF-I  occured  at  6-8  hours  after  PDGF-BB  addition  (Fig.  10,  11),  and  the 
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maximal  fibronectin  response  to  PDGF-BB  appeared  at  8  hours  in  the  cell  extracts  and 
12  hours  in  the  cell  culture  medium  after  PDGF-BB  treatment  (Fig.  25,  26).  The  increase 
of  intracellular  fibronectin  in  response  to  PDGF-BB  was  about  2  hours  later  than  the 
increase  of  fibronectin  mRNA  levels  suggesting  that  fibronectin  synthesis  is  a  fast 
response.  The  percent  increase  in  fibronectin  mRNA  levels  (120%  increase  response  to 
PDGF-BB  and  259%  increase  response  to  IGF-I,  Fig.  11,  17)  is  much  higher  than  that  in 
fibronectin  levels  (21%  increase  response  to  PDGF-BB  in  the  cell  extracts  and  20% 
increase  in  the  cell  culture  medium,  25%  increase  response  to  IGF-I  in  the  cell  extracts 
and  28%  increase  in  the  cell  culture  medium,  Fig.  25,  26,  31,  32).  Even  fibronectin 
mRNA  is  one  of  the  major  factors  which  affect  fibronectin  levels,  post-transcriptional 
modifications  at  the  level  of  protein  synthesis,  covalent  modification,  matrix  assembly, 
or  degradation  can  also  influence  fibronectin  levels.  It  is  possible  that  while  PDGF-BB 
stimulates  fibronectin  mRNA  levels,  it  also  accelerates  other  processes  which  decrease 
fibronectin  levels,  such  as  increased  fibronectin  degradation,  decreased  post-transcriptional 
modification  or  translation.  Increased  incorporation  of  fibronectin  into  the  matrix  by 
TGFB  in  chick  fibroblasts  was  reported  (Ignotz  and  Massague  1986). 

It  is  interesting  to  note  that  fibronectin  levels  in  the  cell  extracts  and  cell  culture 
medium  increase  with  time  in  fibroblast  cultures  grown  in  serum-free  medium  (Fig.  25, 
26,  31,  32)  in  the  absence  of  PDGF-BB  and  IGF-I,  respectively.  The  above  observations 
suggest  that  other  factors  in  the  medium,  except  serum  and  exogenous  PDGF-BB  and 
IGF-I  may  also  influence  fibronectin  levels.  Since  fibroblasts  are  known  to  produce  IGF-I 
and  PDGF-like  molecules  (Clemmons  et  al.  1981a,  1983,  1985b,  Paulsson  et  al.  1987, 
Raines  et  al.  1989),  it  is  possible  that  the  increase  of  fibronectin  levels  in  the  serum-free 
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cultures  is  induced  by  these  endogenous  growth  factors.  Some  low  molecular  nutrients 
contained  in  cell  culture  medium  199,  such  as  amino  acids  and  vitamins,  may  also 
influence  fibronectin  levels  by  either  stimulating  synthesis  or  inhibiting  degradation. 

Total  protein  levels  in  response  to  PDGF-BB  did  not  varied  significantly  in  the 
time  response  experiments.  PDGF-BB  increase  total  protein  levels  in  fibroblasts  at  high 
concentration  (40  ng/ml)  (Fig.  30),  but  the  fibronectin  increase  responded  to  PDGF-BB 
was  detected  at  much  lower  concentration  (10  ng/ml  in  cell  extracts  and  20  ng/ml  in  cell 
culture  medium.  Fig.  28,  29).  No  significant  increase  in  total  protein  levels  between  the 
IGF-I  treated  and  the  untreated  groups  was  detected  in  both  time  and  dose-experiments. 
These  observations  suggest  that  the  increase  of  fibronectin  levels  in  response  to  IGF-I  and 
PDGF-BB  (at  concentration  20  ng/ml  or  less)  was  a  specific  response  to  IGF-I  and 
PDGF-BB,  not  a  generalized  effect  on  total  protein  levels.  Increased  total  protein  levels 
induced  by  PDGF-BB  at  high  concentration  (40  ng/ml  or  more)  may  caused  by  enhanced 
protein  synthesis  in  the  cells  or  cell  proliferation. 

Interaction  Between  PDGF-BB  and  IGF-I 

Since  PDGF  and  IGF-I  induce  fibronectin  mRNA  and  fibronectin  levels  in  aortic 
fibroblast  cultures  respectively,  it  is  important  to  examine  whether  these  two  growth 
factors  act  synergistically  in  enhancing  fibronectin  mRNA  and  fibronectin  levels.  The 
present  studies  demonstrate  that  there  was  a  significant  percent  increase  in  fibronectin 
mRNA  (276%,  Fig.  19,  20)  in  the  fibroblasts  treated  with  both  PDGF-BB  and  IGF-I  than 
either  PDGF-BB  (85%)  or  IGF-I  (93%)  alone.  Similarly,  there  was  a  significant  percent 
increase  in  cellular  fibronectin  levels  (115%,  Fig.  37)  in  the  fibroblasts  treated  with  both 


PDGF-BB  and  IGF-I  than  either  PDGF-BB  (30%,  Fig.37)  or  IGF-I  (33%,  Fig.  37)  alone. 
The  above  observation  suggest  that  PDGF-BB  and  IGF-I  act  synergistically  in  fibronectin 
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gene  expression.  It  is  compatible  with  reports  that  PDGF  acted  additively  or 
synergistically  with  IGF-I.  For  example,  PDGF  and  IGF-I  have  been  shown  to  produce 
a  synergistic  or  additive  effect  on  control  of  cell  growth  (Stiles  et  al.  1979,  Banskota  et 
al.  1989a),  induction  of  DNA  synthesis  (Pledger  et  al.  1977,  1978)  and  expression  of  the 
protooncogene  c-myc,  a  growth  related  gene  (Banskota  et  al.  1989b). 

The  mechanisms  underlying  the  interaction  of  PDGF-BB  and  IGF-I  are  not  clear. 
Pfeifle  et  al.  (1984)  demonstrated  that  3  hours  transient  exposure  of  smooth  muscle  cells 
to  PDGF  increases  IGF-I  receptor  expression  and  enhances  smooth  muscle  cell  sensitivity 
to  IGF-I.  Later,  they  found  that  PDGF  increases  IGF-I  binding  to  the  receptor  in  a  dose 
dependent  manner  and  that  PDGF  synergises  with  IGF-I  in  a  smooth  muscle  cell 
mitogenesis  assay  (Pfeifle  et  al.  1987).  Bomfeldt  et  al.  (1990)  have  shown  that  PDGF 
regulates  the  expression  of  the  IGF-I  as  well  as  that  of  the  IGF-I  receptor  in  cultured 
vascular  smooth  muscle  cells. 

The  present  studies  demonstrated  that  PDGF-BB  stimulated  fibronectin  mRNA 
and  fibronectin  levels  in  cultured  fibroblasts  isolated  from  rat  thoracic  aorta.  The 
functional  significance  of  altered  fibronectin  expression  in  vascular  fibroblasts  is  difficult 
to  assess  at  present.  Fibronectin  has  been  implicated  as  one  of  the  early  response  genes 
that  may  be  rapidly  expressed  when  cells  are  exposed  to  certain  growth  factors  that 
initiate  cell  cycle  changes  (Blatti  et  al.  1988).  However,  despite  the  multiplicity  of 
functions  that  have  been  attributed  to  fibronectin  in  both  physiological  and  pathological 
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processes,  it  is  not  possible  at  present  to  establish  with  certainty  what  role  fibronectin  has 
in  vascular  tissue.  The  consistent  and  long-lived  increase  in  aortic  fibronectin  mRNA 
levels  in  aging  or  hypertensive  rats  suggest  a  possible  role  for  fibronectin  in  mediating 
the  morphological  and  functional  changes  that  accompany  those  conditions,  but  additional 
studies  concerning  the  localization  of  fibronectin  in  aorta  and  the  relative  contribution  of 
specific  isoforms  of  fibronectin  will  be  necessary  to  determine  if  such  a  role  exists. 
These  studies  also  suggest  that  interaction  between  growth  factors  and  extracellular  matrix 
may  play  a  role  in  the  regulation  of  cell  proliferation  and  extracellular  matrix  expansion 
which  occur  in  atherosclerosis  and  hypertension. 


BIBLIOGRAPHY 


Adams,  S.O.,  Nissley,  S.P.,  Handwerger,  S.,  and  Rechler,  M.M.  (1983)  Developmental 
patterns  of  insulin-like  growth  factor-I  and  -II  synthesis  and  regulation  in  rat 
fibroblasts.  Nature  302:  150. 

Albini,  A.,  Mitchell,  C.D.,  Thompson,  E.W.,  Seeman,  R.,  Martin,  G.R.,  Wittek,  A.E.,  and 
Quinnan,  G.V.  (1988)  Invasive  activity  and  chemotactic  response  to  growth 
factors  by  Kaposi’s  sarcoma  cells.  J.  Cell.  Biochem.  36(4):  369-376. 

Alitalo,  R.,  Andersson,  L.C.,  Betsholtz,  C.,  Nilsson,  K.,  Westermark,  B.,  Heldin,  C.-H., 
and  Alitalo,  K.  (1987)  Induction  of  platelet-derived  Growth  factor  gene 
expression  during  megakaryoblastic  and  monocytic  differentiation  of  human 
leukemia  cell  lines.  EMBO  J.  6:  1213-1218. 

Allen-Hoffmann,  B.L.,  Schlosser,  S.J.,  Brondyk,  W.H.,  and  Fahl,  W.E.  (1990) 
Fibronectin  levels  are  enhanced  in  human  fibroblasts  overexpressing  the  c-sis 
protooncogene.  J.  Biol.  Chem.  265:  5219-5225. 

Almendral,  J.M.,  Sommer,  D.,  Macdonald-Bravo,  H.,  Burckhardt,  J.,  Perera,  J.,  and 
Bravo,  R.  (1988)  Complexity  of  the  early  genetic  response  to  growth  factors  in 
mouse  fibroblasts.  Mol.  Cell  Biol.  8(5):  2140-2148. 

Atkinson,  P.R.,  Weidman,  E.R.,  Bhaumick,  B.,  and  Bala,  R.M.  (1980)  Release  of 
somatomedin-like  activity  by  cultured  WI-38  human  fibroblasts.  Endocrinology 
106:  2006. 

Auger,  K.R.,  Serunian,  L.A.,  Scoltoff,  S.P.,  Libby,  P.,  and  Cantley,  L.C.  (1989)  PDGF- 
dependent  tyrosine  phosphorylation  stimulates  production  of  novel 
polyphosphoinositides  in  intact  cells.  Cell  57:  167-175. 

Banskota,  N.K.,  Taub,  R.,  Zellner,  K.,  and  King,  G.L.  (1989a)  Insulin-like  growth 
factor-I  and  platelet-derived  growth  factor  interact  additively  in  the  induction  of 
the  proto-oncogene  c-myc  and  cellular  proliferation  in  cultured  bovine  aortic 
smooth  muscle  cells.  Mol.  Endocrinol.  3(8):  1183-1190. 

Banskota,  N.K.,  Taub,  R.,  Zellner,  K.,  Olsen,  P.,  and  King,  G.L.  (1989b) 
Characterization  of  induction  of  proto-oncogene  c-myc  and  cellular  growth  in 
human  vascular  smooth  muscle  cells  by  insulin  and  IGF-I.  Diabetes  38(1):  123- 
129. 


1 


2 


Bar,  R.S.,  and  Boes,  M.  (1984)  Distinct  receptors  for  IGF-I,  IGF-II  and  insulin  are 
present  on  bovine  capillary  endothelial  cells  and  large  vessel  endothelial  cells. 
Biochem.  Biophys.  Res.  Commun.  124(1):  203-209. 

Bar,  R.S.,  Boes  M.,  Dake,  B.L.,  Booth,  B.A.,  Henley,  S.A.,  and  Sandra,  A.  (1988) 
Insulin,  insulin-like  growth  factors,  and  endothelium.  Am.  J.  Med.  85  (suppl. 
5a):  59-70. 

Barrett,  T.B.,  Gajdusek,  C.M.,  Schwartz,  S.M.,  McDougall,  J.K.,  and  Benditt,  E.P.  (1984) 
Expression  of  the  sis  gene  by  endothelial  cells  in  culture  and  in  vivo.  Proc.  Natl. 
Acad.  Sci.  USA  81(21):  6772-6774. 

Barrett,  T.B.,  and  Benditt,  E.P.  (1987)  Sis  (PDGF-B)  gene  transcript  levels  are  elevated 
in  human  atherosclerotic  lesions  compared  to  normal  artery.  Proc.  Natl.  Acad. 
Sci.  USA  84:  1099-1103. 

Barrett,  T.B.,  and  Benditt,  E.P.  (1988)  Evidence  for  a  monoclonal  origin  of  human 
atherosclerotic  plaques.  Proc.  Natl.  Acad.  Sci.  USA  85:  2810-2814. 

Baxter,  R.C.,  Martin,  J.L.,  and  Wood,  M.H.  (1987)  Two  immunoreactive  binding 
proteins  for  IGF-I  in  human  amniotic  fluid:  Relationship  to  fetal  maturity.  J. 
Clin.  Endocrinol.  Metab.  65(3):  423-431. 

Baxter,  R.C.  (1988)  Characterization  of  the  acid  labile  subunit  of  growth  hormone- 
dependent  insulin-like  growth  factor  binding  protein  complex.  J.  Clin. 
Endocrinol.  Metab.  65:  432-440. 

Berk,  B.C.,  Alexander,  R.W.,  Brock,  T,A„  Gilbone,  R.C.,  and  Webb,  R.C.  (1986) 
Vasoconstriction  a  new  activity  of  platelet-derived  growth  factor.  Science  232: 
87-90. 


Berridge,  M.J.,  Heslop,  J.P.,  Irvine,  R.F.,  and  Brown,  K.D.  (1984)  Inositol  triphosphate 
formation  and  calcium  mobilization  in  swiss  3T3  cells  in  response  to  platelet- 
derived  growth  factor.  Biochem.  J.  222:  195-201. 

Berridge,  M.J.  (1987)  Inositol  triphosphate  and  diacylglycerol:  two  interacting  second 
messengers.  Annu.  Rev.  Biochem.  56:  159-193. 

Betsholtz,  C.,  Johnsson,  A.,  Heldin,  C.H.,  Westermark,  B.,  Lind,  P.,  Urdea,  M.S.,  Eddy, 
R.,  Shows,  T.B.,  Philpott,  K.,  Mellor,  A.L.,  Knott,  T.J.,  and  Scott,  J.  (1986) 
cDNA  sequence  and  chromosomal  localization  of  human  platelet-derived  growth 
factor  A-chain  and  its  expression  in  tumor  cell  lines.  Nature  320(6064):  695- 
699. 

Bishayee,  S.,  Majumdar,  S.,  Khire,  J.,  and  Das,  M.  (1989)  Ligand-induced  dimerization 
of  the  platelet-derived  growth  factor  receptor.  Monomer-dimmer  interconversion 


3 


occurs  independent  of  receptor  phosphorylation.  J.  Biol.  Chem.  264(20):  1 1699- 
11705. 

Blatti,  S.P.,  Foster,  D.N.,  Ranganathan,  G.,  Moses,  H.L.,  and  Getz,  M.J.  (1988) 
Induction  of  fibronectin  gene  transcription  and  mRNA  is  a  primary  response  to 
growth-factor  stimulation  of  AKR-2B  cells.  Proc.  Natl.  Acad.  Sci.  USA  85: 
1119-1123. 

Blundell,  T.L.,  Bedarkar,  S.,  and  Humbel,  R.E.  (1983)  Tertiary  structures,  receptor 
binding  and  antigenicity  of  insulin-like  growth  factor.  Fed.  Procs.  42(9):  2592- 
2597. 

Bockus,  B.J.,  and  Stiles,  C.D.  (1984)  Regulation  of  cytoskeletal  architecture  by  platelet- 
derived  growth  factor:  insulin  and  epidermal  growth  factor.  Exp.  Cell  Res. 
153(1):  186-197. 

Bonner,  J.C.,  Badgett,  A.,  Osomio- vargas,  A.R.,  Hoffman,  M.,  and  Brody,  A.R.  (1990) 
PDGF-stimulated  fibroblast  proliferation  is  enhanced  synergistically  by  receptor- 
recognized  a2-macroglobulin.  J.  Cell.  Physiol.  145:  1-8. 

Bornfeldt,  K.E.,  Amqvist,  H.J.,  Dahlkvist,  H.H.,  Slottner,  A.,  and  Wikberg,  J.E.S.  (1988) 
Receptors  for  IGF-I  in  plasma  membranes  isolated  from  bovine  mesenteric 
arteries.  Acta.  Endocrinol.  Copenh.  1 17(4):  428-434. 

Bornfeldt,  K.E.,  Amqvist,  H.J.,  and  Norstedt,  G.  (1990)  Regulation  of  insulin-like 
growth  factor  I  gene  expression  by  growth  factors  in  cultured  vascular  smooth 
muscle  cells.  J.  Endocrinol.  125(3):  381-386. 

Butler,  D.M.,  Leizer,  T.,  and  Hamilton,  J.A.  (1989)  Stimulation  of  human  synovial 
fibroblast  DNA  synthesis  by  platelet-derived  growth  factor  and  fibroblast  growth 
factor.  J.  Immunol.  142:  3098-3103. 

Carpenter,  C.L.,  Duckworth,  B.C.,  Auger,  K.G.,  Cohen,  B.,  Schaffhausen,  B.C.,  and 
Cantley,  L.C.  (1990)  Purification  and  characterization  of  phosphoinositide  3- 
kinase  from  rat  liver.  J.  Biol.  Chem.  265:  19704-19711. 

Cascieri,  M.A.,  Chicchi,  G.G.,  Hayes,  N.S.,  and  Slater,  E.E.  (1986)  Stimulation  of  DNA 
synthesis  in  rat  A10  vascular  smooth  muscle  cells  by  thresnine-59  insulin-like 
growth  factor  I.  Circ.  Res.  59:  171-177. 


Cascieri,  M.A.,  Saperstein,  R.,  Hayes.,  N.S.,  Green,  B.G.,  Chicchi,  G.G.,  Applebaum,  J., 
and  Bayne,  M.L.  (1988)  Serum  half  life  and  biological  activity  of  mutants  of 
human  insulin-like  growth  factor  I  which  do  not  bind  to  serum  binding  proteins. 
J.  Endocrinol.  123(1):  373-381. 


4 


Cercek,  B.,  Fishbein,  C.,  Forrester,  J.S.,  Helfant,  R.H.,  and  Fagin,  J.A.  (1990)  Induction 
of  insulin-like  growth  factor  I  mRNA  in  rat  aorta  after  balloon  denudation.  Circ. 
Res.  66:  1755-1760. 

Chamley-Campbell,  J.,  Cambeell,  G.R.,  and  Ross,  R.  (1979)  The  smooth  muscle  cell  in 
culture.  Physiol.  Rev.  59:  1-61. 

Chan,  C.P.,  Bowen-Pope,  D.F.,  Ross,  R.,  and  Kerbs,  E.R.  (1987)  Regulation  of  glycogen 
synthase  activity  by  growth  factors.  Relationship  between  synthase  activation  and 
receptor  occupancy.  J.  Biol.  Chem.  262:276-281. 

Chobanian,  A.V.  (1983)  The  influence  of  hypertension  and  other  hemodynamic  factors 
in  atherosclerosis.  Prog.  Cardiovasc.  Dis.  26:  177-196. 

Church,  G.M.,  and  Gilbert,  W.  (1984)  Genomic  sequencing.  Proc.  Natl.  Acad.  Sci. 
USA  81(7):  1991-1995. 

Claesson-Welsh,  L.,  Eriksson,  A.,  Moren,  A.,  Severinsson,  L.,  Ek,  B.,  Ostman,  A., 
Betsholtz,  C.,  and  Heldin,  C.-H.  (1988)  cDNA  cloning  and  expression  of  a 
human  platelet-derived  growth  factor  (PDGF)  receptor  specific  for  B-chain- 
containing  PDGF  molecules.  Mol.  Cell  Biol.  8(8):  3476-3486. 

Claesson-Welsh,  L.,  Eriksson,  A.,  Westermark,  B.  and  Heldin,  C.-H.  (1989)  cDNA 
cloning  and  expression  of  the  human  A-type  platelet-derived  growth  factor 
(PDGF)  receptor  establishes  structural  similarity  to  the  B-type  PDGF  receptor. 
Proc.  Natl.  Acad.  Sci.  USA  86:  4917-4921. 

Clemmons,  D.R.,  Underwood,  L.E.,  and  Van  Wyk,  J.J.  (1981a)  Hormonal  control  of 
immunoreactive  somatomedin  production  by  culture  human  fibroblasts.  J.  Clin. 
Invest.  67:  10-17. 

Clemmons,  D.R.,  and  Van  Wyk,  J.J.  (1981b)  Somatomedin-C  and  platelet-derived 
growth  factor  stimulate  human  fibroblast  replication.  J.  Cell.  Physiol.  106:  361- 
367. 

Clemmons,  D.R.,  and  Shaw,  D.S.  (1983)  Variables  controlling  somatomedin  production 
by  cultured  human  fibroblasts.  J.  Cell.  Physiol.  115:137-142. 

Clemmons,  D.R.  (1984)  Interaction  of  circulating  cell-derived  and  plasma  growth 
factors  in  stimulating  cultured  smooth  muscle  cell  replication.  J.  Cell.  Physiol. 
121(2):  425-430. 

Clemmons,  D.R.  (1985a)  Exposure  to  PDGF  modulates  the  porcine  aortic  smooth 
muscle  cell  response  to  somatomedin  C.  Endocrinology  117(1):  77-83. 


5 


Clemmons,  D.R.,  and  van  Wyk.  J.J.  (1985b)  Evidence  for  a  functional  role  of 
endogenously  produced  somatomedin-like  peptides  in  the  regulation  of  DNA 
synthesis  in  cultured  human  fibroblasts  and  porcine  smooth  muscle  cells.  J.  Clin. 
Invest.  75(6):  1914-1918. 

Cochran,  B.H.,  Reffel,  A.C.,  and  Stiles,  C.D.  (1983)  Molecular  cloning  of  gene 
sequences  regulated  by  platelet-derived  growth  factor.  Cell  33(3):  939-947. 

D’Ercole,  A.J.,  Applewhite,  G.T.,  and  Underwood,  L.E.  (1980)  Evidence  that 
somatomedin  is  synthesized  by  multiple  tissues  in  the  fetus.  Dev.  Biol.  75:  315- 
378. 

D’Ercole,  A.J.,  Stiles,  A.D.,  and  Underwood,  L.E.  (1984)  Tissue  concentrations  of 
somatomedin  C:  further  evidence  for  multiple  sites  of  synthesis  and  paracrine  or 
autocrine  mechanisms  of  action.  Proc.  Natl.  Acad.  Sci.  81(3):  935-939. 

Daughaday,  W.H.,  Hall,  K.,  Raben,  M.S.,  and  Salmon,  W.D.  (1972)  Somatomedin: 
proposed  designation  for  sulphation  factor.  Nature  235:  107. 

Dean,  D.C.,  Newby,  R.F.,  and  Bourgeois,  S.  J.  (1988)  Regulation  of  fibronectin 
biosynthesis  by  dexamethasone.  transforming  growth  factor  beta,  and  cAMP  in 
human  cell  lines.  Cell  Biol.  106:  2159-2170. 

Deuel,  T.F.,  Huang,  J.S.,  Proffitt,  R.T.,  Baenziger,  J.U.,  Chang,  D.,  and  Kennedy,  B.B. 
(1981)  Human  platelet-derived  growth  factor:  Purification  and  resolution  into 
two  active  protein  fractions.  J.  Biol.  Chem.  256(17):  8896-8899. 

Dilley,  R.J.,  and  Prendergast,  J.K.  (1987)  A  review  of  the  proliferative  behavior, 
morphology  and  phenotypes  of  vascular  smooth  muscle.  Atherosclerosis  63:  99- 
107. 

Dinarello,  C.A.  (1988)  Biology  of  interleukin- 1.  FASEB  J.  2(2):  108-115. 

Doolittle,  R.F.,  Hunkapiller,  M.W.,  Hood,  L.E.,  Devare,  S,G.,  Robbins,  K.C.,  Aaronson, 
S.A.,  and  Antoniades,  H.N.  (1983)  Simian  sarcoma  virus  one  gene,  v-sis  derived 
from  the  (or  genes)  encoding  a  platelet-derived  growth  factor.  Science 
221(4607):  275-277. 

Eriksson,  A.,  Nister,  M.,  Leveen,  P.,  Westermark,  B.,  Heldin,  C.H.,  and  Clasesson-Welsh, 
L.  (1991)  Induction  of  platelet-derived  growth  factor  a  and  8  receptor  mRNA 
and  protein  by  platelet-derived  growth  factor  BB.  J.  Biol.  Chem.  266(31): 
21138-21144. 


6 


Ewald,  CA.  (1877)  Ueber  die  Veranderungen  kleiner  Gefasse  bei  Morbus  Brightii  und 
die  darauf  beziiglichen  Theorien.  Virchows  Arch  71:453. 

Ferns,  G.A.A.,  Motani,  A.S.,  and  Anggard,  E.E.  (1991a)  The  insulin-like  growth  factors: 
their  putative  role  in  a  atherogenesis.  Artery  18(4):  197-225. 

Ferns,  G.A.A.,  Reidy,  M.A.,  and  Ross,  R.  (1991b)  Balloon  catheter  deendothelialization 
of  the  nude  rat  carotid:  Response  to  injury  in  the  absence  of  functional  T 
lymphocytes.  Am.  J.  Path.  138(4):  1045-1057. 

Folkow,  B.  (1982)  Physiologic  aspects  of  primary  hypertension.  Physiol.  Rev  62:347. 

Froesch,  E.R.,  Burgi,  H.,  Ramseier,  E.B.,  bally,  P.,  and  Labhart,  A.  (1963)  Antibody 
suppressible  and  non-suppressible  insulin-like  activities  in  human  serum  and  their 
physiological  significance.  J.  Clin.  Invest.  42:  1816-1834. 

Gay,  C.G.,  and  Winkles,  J.A.  (1990)  Heparin-binding  growth  factor- 1  stimulation  of 
human  endothelial  cells  induces  platelet-derived  growth  factor  A-chain  gene 
expression.  J.  Biol.  Chem.  265(6):  3284-3292. 

Glenn,  K„  Bowen-Pope,  D.F.,  and  Ross,  R.  (1982)  Platelet-derived  growth  factor.  III. 
Identification  of  a  platelet-derived  growth  factor  receptor  by  affinity  labeling.  J. 
Biol.  Chem.  257(9):  5172-5176. 

Glukhova,  M.A.,  Frid,  M.G.,  Shekhonin,  B.V.,  Vasilevslaya,  T.D.,  Grunwald,  J.,  Saginati, 
M.I.,  and  Koteliansky,  V.E.  (1989)  Expression  of  extra  domain  A  fibronectin 
sequence  in  vascular  smooth  muscle  cells  is  phenotype  dependent.  J.  Cell  Biol 
109:  357-366. 

Gopinath,  R„  Walton,  P.E.,  and  Etherton,  T.D.  (1989)  An  acid  stable  insulin-like  growth 
factor  (IGF)-binding  protein  from  pig  serum  inhibits  binding  of  IGF-I  and  IGF-II 
to  vascular  endothelial  cells.  J.  Endocrinol.  120(2):  231-236. 

Gospodarowicz,  D„  Ferrara,  N.,  Schweigerer,  L.,  and  Neufeld,  G.  (1987)  Structural 
characterization  and  biological  functions  of  fibroblast  growth  factor.  Endocr. 
Rev.  8:  95-114. 


Gray,  A.,  Tam,  A.W.,  Dull,  T.J.,  Hayflick,  J.,  Pintar,  J.,  Cavenee,  W.K.,  Koufos,  A.,  and 
ullrich,  A.  (1987)  Tissue  specific  and  developmentally  regulated  transcription 
of  the  insulin-like  growth  factor  II  gene.  DNA  6(4):  283-295. 


Greenberg,  M.E.,  and  Ziff,  E.B.  (1985)  Stimulation  of  3T3  cells  induces  transcription 
of  the  c-fos  proto-oncogene.  Nature  31 1(5985):  433-438. 


7 


Grinnell,  F.  (1978)  Cellular  adhesiveness  and  extracellular  substrata.  Int.  Rev.  Cytol. 
53:  65-144. 

Grinnell,  F.  (1984)  Fibronectin  and  wound  healing.  J.  Cell.  Biochem.  26:107-116. 

Grotendorst,  G.R.,  Seppa,  H.E.,  Kleinman,  H.K.,  and  Martin,  G.R.  (1981)  Attachment 
of  smooth  muscle  cells  to  collagen  and  their  migration  toward  platelet-derived 
growth  factor.  Proc.  Natl.  Acad.  Sci.  USA  78(6):  3669-3672. 


Habenicht,  A.J.,  Dresel,  H.A.,  Goerio,  M.,  Weber,  J.A.,  Stoehr,  M.,  Glomset,  J.A.,  Ross, 
R.,  and  Schettler,  G.  (1986)  Low  density  lipoprotein  receptor-dependent 
prostaglandin  synthesis  in  swiss  3T3  cells  stimulated  by  platelet-derived  growth 
factor.  Proc.  Natl.  Acad.  Sci.  USA  83(5):  1344-1348. 

Hagiwara,  T„  Suzuki,  H.,  Kono,  I.,  Kashiwagi,  H.,  Akiyama,  Y.,  and  Onozaki,  K.  (1990) 
Regulation  of  fibronectin  synthesis  by  interleukin- 1  and  interleukin-6  in  rat 
hepatocytes.  Am.  J.  Pathol.  136:  39-47. 

Hammacher,  A.,  Mellstrom,  K.,  Heldin,  C.-H.,  and  Westermark,  B.  (1989)  Isoform- 
specific  induction  of  actin  reorganization  by  platelet-derived  growth  factor 
suggests  that  the  functionally  active  receptor  is  a  dimmer.  EMBO  J.  8:  2489- 
2495. 

Hansson,  H.A.,  Jennische,  E.,  and  Skottner,  A.  (1987)  Regenerating  endothelial  cells 
express  insulin-like  growth  factor  I  immunoreactivity  after  arterial  injury.  Cell 
Tissue  Res.  250(3):  499-505. 

Hansson,  H.A.,  Brandsten,  C.,  Lossing,  C.  and  Petruson,  K.  (1989)  Transient  expression 
of  insulin-like  growth  factor  I  immunoreactivity  by  vascular  cells  during 
angiogenesis.  Exp.  Mol.  Path.  50:  125-138. 

Hardouin,  S.,  Hossenlopp,  P„  Segovia-Quinson,  B.,  Seurin,  D.,  Portolan,  G.,  Lassarre,  C., 
and  Binoux,  M.  (1987)  Heterogeneity  of  insulin-like  growth  factor  binding 
proteins  and  relationships  between  structure  and  affinity.  I.  Circulating  forms  in 
man.  Eur.  J.  Biochem.  170(1-2):  121-132. 

Hart,  C.E.,  Forstrom,  J.W.,  and  Kelly,  J.D.  (1988)  Two  classes  of  PDGF  receptor 
recognize  different  isoforms  of  PDGF.  Science  240:1529-1531. 

Haudenshild,  C.C.,  Prescott,  M.F.,  and  Chobanian,  A.V.  (1980)  Effects  of  hypertension 
and  its  reversal  on  aortic  intima  lesions  of  the  rat.  Hypertension  2:  33-44. 

Haust,  M.D.,  Moore,  R.H.,  and  Movat,  H.Z.  (1960)  The  role  of  the  smooth  muscle  cells 
in  the  fibrogenesis  of  arteriosclerosis.  Am.  J.  Pathol.  37:  377. 


8 


Heldin,  C.H.,  Backstrom,  G.,  Ostman,  A.,  Hammacher,  A.,  Ronnstrand,  L.,  Robin,  K., 
Nister,  M.,  and  Westermark,  B.  (1988)  Binding  of  different  dimeric  forms  of 
PDGF  to  human  fibroblasts:  evidence  for  two  separate  receptor  types.  EMBO 
J.  7:  1387-1393. 

Heldin,  C.-H.,  Ernlund,  A.,  Rorsman,  C.,  and  Ronnstrand,  L.  (1989)  Dimerization  of  B- 
type  platelet-derived  growth  factor  receptors  occurs  after  ligand  binding  and  is 
closely  associated  with  receptor  kinase  activation.  J.  Biol.  Chem.  264(15):  8905- 
8912  . 

Hoppener,  Mosselman,  S.,  Roholl,  P.J.M.,  Lambrechts,  C.,  Slebos,  R.J.C.,  de 

Pagter-Holthuizen,  P.,  Lips,  C.J.M.,  Jansz,  H.S.,  and  Sussenbach,  J.S.  (1988) 
Expression  of  insulin-like  growth  factor  I  and  II  genes  in  human  smooth  muscle 
tumors.  EMBOJ.  7:  1379-1385. 

Hosang,  M.,  and  Rouge,  M.  (1989)  Human  vascular  smooth  muscle  cells  have  at  least 
two  distinct  PDGF  receptors  and  can  secrete  PDGF-AA.  J.  Cardiovasc.  Pharm. 
14:  S22-S26. 

Hossenlopp.  P.,  Seurin,  D.,  Segovia-Quinson,  B.,  Hardouin,  S.,  and  Binoux,  M.M.  (1986) 
Analysis  of  serum  insulin-like  binding  proteins  using  western  blotting:  use  of  the 
method  for  titration  of  binding  proteins  and  competitive  binding  studies.  Anal. 
Biochem.  154(1):  138-143. 

Hynes,  R.O.  (1976)  Cell  surface  proteins  and  malignant  transformation.  Biochim. 
Biophys.  Acta.  458:  73-107. 

Hynes,  R.O.  (1986)  Fibronectins.  Sci.  Am.  254:  42-51. 

Hynes,  R.O.  (1987)  Integrins:  a  family  of  cell  surface  receptor.  Cell  48:  549-554. 

Hynes,  R.O.  (1990)  Fibronectin.  pp.  1-6  Springer-Verlag,  New  York. 

Ignotz,  R.A.,  and  Massague,  J.  (1986)  Transforming  growth  factor-6  stimulates  the 
expression  of  fibronectin  and  collagen  and  their  incorporation  into  the 
extracellular  matrix.  J.  Biol.  Chem.  261:  4337-4345. 

Ives,  H.E.  and  Daniel,  T.O.  (1987)  Interrelationship  between  growth  factor-induced  pH 
changes  and  intracellular  Ca2+.  Proc.  Natl.  Acad.  Sci.  USA  84:  1950-1954. 

Iwanaga,  S.,  Suzuki,  K.,  and  Hashimoto,  S.  (1978)  Bovine  plasma  cold-insoluble 
globulin:  gross  structure  and  function.  Ann.  N.Y.  Acad.  Sci.  USA  312:  56-73. 

Jensen,  B.A.,  Holund,  B.,  and  Clemmensen,  I.  (1983)  Demonstration  of  fibronectin  in 
normal  and  injured  aorta  by  an  indirect  immunoperoxidase  technique. 
Histochemistry  77:  395-403. 


9 


Jialal,  I.,  Crettaz,  M.,  Hachiya,  H.L.,  Kahn,  C.R.,  Moses,  A.C.,  Buzney,  S.M.,  and  King, 
G.L.  (1985)  Characterization  of  the  receptors  for  insulin  and  insulin-like  growth 
factors  on  micro  and  macrovascular  tissues.  Endocrinology  1 17(3):  1222-1229. 

Johnson,  G.  (1868)  On  certain  points  in  the  anatomy  and  pathology  of  Bright’s  disease 
of  the  kidney.  II.  On  the  influence  of  the  minute  blood-vessels  upon  the 
circulation.  Trans.  R.  Med.  Chir.  Soc.  51:57. 

Johnsson,  A.,  Heldin,  C.H.,  and  Wasteson,  A.  (1984)  The  c-sis  gene  encodes  for  a 
precursor  of  both  B-chain  of  platelet-derived  growth  factor.  EMBO  J.  3:  92 1  - 
928. 

Kanakaraj,  P.,  Raj,  S.,  Khan,  S.A.,  and  Bishayee,  S.  (1991)  Ligand-induced  interaction 
between  alpha-  and  beta-  type  platelet-derived  growth  factor  (PDGF)  receptor 
heterodimers  in  kinase  activation.  Biochemistry  30(7):  1761-1767. 

Kannel,  W.B.,  and  Sorlie,  P.  (1975)  Hypertension  in  Framingham,  in  Epidermiology 
and  Control  of  Hypertension,  ed.  Paul,  O.  Stratton  Intercontinental  Medical 
Books,  New  York.  pp.  553-592. 


Kaplan,  D.R.,  Morrison,  D.K.,  Wong,  G.,  McCormick,  F.,  and  Williams,  L.T.  (1990) 
PDGF  beta-receptor  stimulates  tyrosine  phosphorylation  of  GAP  and  association 
of  GAP  with  a  signaling  complex.  Cell  61:  125-133. 

Karey,  P.K.,  Marguardt,  H.,  and  Sirbasku,  D.  (1989)  Human  platelet-derived  mitogens. 
I.  Identification  of  insulin  like  growth  factors  I  and  II  by  purification  and  N- 
alpha-amino  acid  sequence  analysis.  Blood  74(3):  1084-1092. 

Kazlauskas,  A.,  and  Cooper,  J.A.  (1990)  Phosphorylation  of  the  PDGF  receptor  beta 
subunit  creates  a  tight  binding  site  for  phosphatidylinosital  3  kinase.  EMBO  J. 
9:  3279-3286. 

Kelly,  K.,  Cochran,  B.H.,  Stiles,  C.D.,  and  Leder,  P.  (1983)  Cell-specific  regulation  of 
the  c-myc  gene  by  lymphocyte  mitogens  and  platelet-derived  growth  factor.  Cell 
35:  603-610. 


Knecht,  A.,  Fine,  L.G.,  Kleinman,  K.S.,  Rodemann,  H.P.,  Muller,  G.A.,  Woo,  D.D.L.,  and 
Norman,  J.T.  (1991)  Fibroblasts  of  rabbit  kidney  in  culture.  II.  Paracrine 
stimulation  of  papillary  fibroblasts  by  PDGF.  Am.  J.  Physiol.  261:  F292-F299. 

Kohler,  N.,  and  Lipton,  A.  (1974)  Platelets  as  a  source  of  fibroblast  growth-promoting 
activity.  Exp.  Cell  Res.  87:  297-301. 

Koistinen,  R.,  Kalkkinnen,  N.,  Huhtala,  M.L.,  Seppala,  M.,  and  Rutanen,  E.M.  (1986) 
Placental  protein  12  is  a  decidual  protein  that  binds  somatomedin  and  has  an 
identical  N-terminal  amino  acid  sequence  with  somatomedin  binding  protein  from 


10 


human  amniotic  fluid.  Endocrinology  118(4):  1375-1378. 

L’Allemain,  G.,  Paris,  S.,  and  Pouyssegur,  J.  (1984)  Growth  factor  action  and 
intracellular  pH  regulation  in  fibroblasts.  Evidence  for  major  role  of  the  Na+/H+ 
antiport.  J.  Biol.  Chem.  259(9):  5809-5815. 

Lee,  Y-L.,  Hintz,  R.L.,  James,  P.M.,  Lee,  P.D.K.,  Shively.  J.E.,  and  Powell,  D.R.  (1988) 
Insulin-like  growth  factor  (IGF)  binding  protein  complementary  deoxyribonucleic 
acid  from  human  Hep  G2  hepatoma  cells:  predicted  protein  sequence  suggests  an 
IGF  binding  domain  different  from  those  of  IGF-I  and  IGF-II  receptors.  Mol. 
Endocrinol.  2(5):  401-41 1. 

Liau,  G.,  and  Chan,  L.M.  (1989)  Regulation  of  extracellular  matrix  RNA  levels  in 
cultured  smooth  muscle  cells.  Relationship  to  cellular  quiescence.  J.  Biol.  Chem 
264:  10315-10320. 


Libby,  P.,  Warner,  S.J.C.,  Salomon,  R.N.,  and  Birinyi,  L.K.  (1988a)  Production  of 
platelet-derived  growth  factor-like  mitogen  from  smooth-muscle  cells  from  human 
atheroma.  N.  Engl.  J.  Med.  318:  1493-1498. 

Libby,  P.,  Warner,  S.J.C.,  and  Friedman,  G.B.  (1988b)  Interleukin- 1:  a  mitogen  for 
human  vascular  smooth  muscle  cells  that  induces  the  release  of  growth  inhibitory 
prostanoids.  J.  Clin.  Invest.  81:  487-498. 

Lichtenstein,  A.H.,  Brecher,  P.,  and  Chobanian,  A.V.  (1986)  Effects  of 
deoxycorticosterone-salt  hypertension  on  cell  ploidy  in  the  rat  aorta. 
Hypertension  8(Suppl  II):  11-50— 11-54. 

Lowry,  O.H.,  Rosebrough,  N.J.,  Farr,  A.L.  and  Randall,  R.J.  (1951)  Protein 

measurement  with  the  Folin  phenol  reagent.  J.  Biol.  Chem.  193:  265-275. 

Madri,  J.A.,  Pratt,  B.M.,  and  Tucker,  A.M.  (1988)  Phenotypic  modulation  of  endothelial 
cells  by  transforming  growth  factor-beta  depends  upon  the  composition  and 
organization  of  the  extracellular  matrix.  J.  Cell  Biol.  106:1375-1384. 

Madri,  J.A.,  Reidy,  M.A.,  Kocher,  O.,  and  Bell,  L.  (1989)  Endothelial  cell  hehavior 
after  denudation  injury  is  modulated  by  transforming  growth  factor-betal  and 
fibronectin.  Lab.  Invest.  60:  755-765. 

Majack,  R.A.,  Mildbrandt,  J.,  and  Dixit,  V.M.  (1987)  Induction  of  thrombospondin 
messenger  RNA  levels  occurs  as  an  immediate  primaty  response  to  platelet- 
derived  growth  factor.  J.  Biol.  Chem.  262(18):  8821-8825. 

Majesky,  M.W.,  Benditt,  E.P.,  and  Schwartz,  S.M.  (1988)  Expression  and  developmental 
control  of  platelet-derived  growth  factor  A-chain  and  B-chain/SA  genes  in  rat 
aortic  smooth  muscle  cells.  Proc.  Natl.  Acad.  Sci.  USA  85:  1524-1528. 


11 


Majesky,  M.W.,  Daemen,  M.J.A.P.,  and  Schwartz,  S.M.  (1990)  a-adrenergic  stimulation 
of  platelet-derived  growth  factor  A-chain  gene  expression  in  rat  aorta.  J.  Biol. 
Chem.  265:  1082-1088. 

Martinet,  Y.,  Bitterman,  P.B.,  Momex,  J.,  Grotendorst,  G.R.,  Martin,  G.R.,  and  Crystal, 

R. G.  (1986)  Activated  human  monocytes  express  the  c-sis  proto-oncogene  and 
release  a  mediator  showing  PDGF-like  activity.  Nature  319:158-160. 

Matsui,  T.,  Heidaran,  M.,  and  Miki,  T.  (1989)  Isolation  of  a  noval  receptor  cDNA 
establishes  the  existence  of  two  PDGF  receptor  genes.  Science  243:  800-804. 

Matsui,  T.  (1991)  Two  platelet-derived  growth  factor  receptors  in  vascular  smooth 
muscle  cells.  Japanese  Circulation  Journal  55:  1027-1035. 

Mauviel,  A.,  Daireaux,  M.,  Redini,  F.,  Galera,  P.,  Loyau,  G.,  and  Pujol,  J.P.  (1988) 
Tumor  necrosis  factor  inhibits  collagen  and  fibronectin  synthesis  in  human 
dermal  fibroblasts.  FEBS  Lett.  236:  47-52. 

McCormick,  F.  (1989)  ras  GTPase  activating  protein:  signal  transmitter  and  signal 
terminator.  Cell  56:  5-8. 

McGill,  H.C.,  Carey,  K.D.,  McMahan,  C.A.,  Marinez,  Y.N.,  Cooper,  T.E.,  Mott,  G.E., 
and  Schwartz,  C.J.  (1985)  Effects  of  two  forms  of  hypertension  on 
atherosclerosis  in  the  hyperlipidemic  balloon.  Arterilsclerosis.  5:  481-493. 

Molloy,  C.J.,  Bottato,  D.P.,  Fleming,  T.P.,  Marshall,  M.S.,  Gibbs,  J.B.,  and  Aaronson, 

S. A.  (1989)  PDGF  induction  of  tyrosine  phosphorylation  of  GTPase  activating 
protein.  Nature  342:711-714. 

Morrison,  D.K.,  Kaplan,  D.R.,  Rhee,  S.A.,  and  Williams,  L.T.  (1990)  Platelet-derived 
growth  factor  (PDGF)-dependent  association  of  phospholipase  C-gamma  with  the 
PDGF  receptor  signaling  complex.  Mol.  cell.  Biol.  10:  2359-2366. 

Morrison,  P.,  Edsall,  R.,  and  Miller,  S.G.  (1948)  Preparation  and  properties  of  serum 
and  plasma  proteins.  XVIII.  The  separation  of  purified  fibrinogen  from  fraction 
I  of  human  plasma.  J.  Am.  Chem.  Soc.  70:  3103-3108. 

Mosesson,  M.W.,  and  Umfleet,  R.A.  (1970)  The  cold-insoluble  globulin  of  human 
plasma.  I.  purification,  primary  characterization,  and  relationship  to  fibrinogen 
and  other  cold-insoluble  fraction  components.  J.  Biol.  Chem.  245:  5728-5736. 

Mosesson,  M.W.,  Chen,  A.B.,  and  Huseby,  R.M.  (1975)  The  cole-insuluble  globulin  of 
human  plasma:  studies  of  its  essential  structural  features.  Biochim.  Biophys. 
Acta.  386:  509-524. 


12 


Mosesson,  M.  (1977)  Cold-insoluble  globulin  (CIg),  a  circulating  cell  surface  protein. 
Thrombos.  Haemostas.  38:  742-750. 

Mosher,  D.F.  (1975)  Cross-linking  of  cold-insoluble  globulin  by  fibrin-stabilizing  factor. 
J.  Biol.  Chem.  250:  6614-6621. 

Mosher,  D.F.  (1989)  Fibronectin,  pp.  48-49,  Academic  Press,  San  Diego,  CA. 

Mulholland,  M.W.,  and  Debas,  H.T.  (1988)  Central  nervous  system  inhibition  of 
pentagastrin-stimulated  acid  secretion  by  insulin-like  growth  factor  II.  Life  Sci. 
42(21):  2091-2096. 

Naftilan,  A.J.,  Pratt,  R.E.  and  Dzau  V.J.  (1989)  Induction  of  platelet-derived  growth 
factor  A-chain  and  c-myc  gene  expressions  by  angiotensin  II  in  cultured  rat 
vascular  smooth  muscle  cells.  J.  Clin.  Invest.  83:  1419-1424. 

Nilsson,  J.,  Sjolund,  M.,  Palmberg,  L.,  Thyberg,  J.  and  Heldin,  C.H.  (1985)  Arterial 
smooth  muscle  cells  in  primary  culture  produce  PDGF-like  protein.  Proc.  Natl 
Acad.  Sci.  USA  82:  4418-4422. 

Nilsson,  J.  (1986)  Growth  factors  and  the  pathogenesis  of  atherosclerosis. 
Atherosclerosis  62:  185-199. 

Nister,  M.,  Claesson-Welsh,  L.,  Erikssion,  A.,  Heldin,  C.-H.,  and  Westermark,  B.  (1991) 
Differential  expression  of  platelet-derived  growth  factor  receptors  in  human 
malignant  glioma  cell  lines.  J.  Biol.  Chem.  266(25):  16755-63. 

Olden,  K.,  and  Yamada,  K.M.  (1977)  Mechanism  of  the  decrease  in  the  major  cell 
surface  protein  of  chick  embryo  fibroblasts  after  transformation.  Cell  11:  115- 
126. 

Orekhov,  A.N.,  Andreeva,  E.R.,  Shekhonin,  B.V.,  Tertov,  V.V.,  and  Smirnov,  V.N. 
(1984)  Content  and  localization  of  fibronectin  in  normal  intima,  atherosclerotic 
plaque,  and  underlying  media  of  human  aorta.  Atherosclerosis  53:  213-219. 

Ostman,  A.,  Backstrom,  G.,  Fong,  N.,  Betsholtz,  C.,  Wemstedt,  C.,  Heilman,  U., 
Westermark,  B.,  Valenzuela,  P.,  and  Heldin,  C.-H.  (1989)  Expression  of  three 
recombinant  homodimeric  isoforms  of  PDGF  in  Saccharomyces  cerevisiae: 
evidence  for  difference  in  receptor  binding  and  functional  activities.  Growth 
Factors  1:  271-281. 

Papayannopoulou,  T.,  Raines,  E.,  Collins,  S.,  Nakamoto,  B.,  Tweeddale,  M.,  and  Ross, 
R.  (1987)  Constitutive  and  inducible  secretion  of  platelet-derived  growth  factor 
analogs  by  human  leukemic  cell  lines  coexpressing  erythroid  and  megakaryocytic 
markers.  J.  Clin.  Invest.  79(3):  859-866. 


13 


Parker,  F.,  and  Odland,  G.F.  (1966)  A  Correlative  histochemical  biochemical  and 
electron  microscopic  study  of  experimental  atherosclerosis  in  the  rabbit  aorta 
special  reference  to  the  myo-intimal  cell.  Am.  J.  Pathol.  48:197. 

Paulsson,  Y„  Hammacher,  A.,  Heldin,  C.H.,  and  Westermark,  B.  (1987)  Possible 
positive  autocrine  feedback  in  the  prereplicative  phase  of  human  fibroblasts. 
Nature  328:  715-717. 

Penttinen,  P.R.,  Kobayashi,  S.,  and  Bornstein,  P.  (1988)  Transfroming  growth  factor 
beta  increases  mRNA  for  matrix  proteins  both  in  the  presence  and  in  the  absence 
of  changes  in  mRNA  stability.  Proc.  Natl.  Acad.  Sci.  USA  85:  1105-1108. 

Pfeifle,  B.,  and  Ditschuneit,  H.  (1984)  Insulin-like  growth  factor  (IGF-I):  regulation  by 
platelet-derived  growth  factor  (PDGF),  epidermal  growth  factor  and  fibroblast 
growth  factor.  Program  of  the  Seventh  International  Congress  of  Endocrinology, 
Quebec  City,  Quebec  Canada,  p.1748  (Abstract). 

Pfeifle,  B.,  Boeder,  H.,  and  Ditschuneit,  H.  (1987)  Interaction  of  receptors  for  insulin¬ 
like  growth  factor  I,  platelet-derived  growth  factor,  and  fibroblast  growth  factor 
in  rat  aortic  cells.  Endocrinology  120(6):  2251-2258. 

Phan-Thanh,  L„  Robert,  L.,  Deerouette,  J.C.,  and  Labat-Robert,  J.  (1987)  Increased 
biosynthesis  and  processing  of  fibronectin  in  fibroblasts  from  diabetic  mice. 
Proc.  Natl.  Sci.  USA  84:  1911-1915. 

Pledger,  W.J.,  Stiles,  C.D.,  Antoniades,  H.N.,  and  Scher,  C.D.  (1977)  Induction  of  DNA 
synthesis  in  BALB/c  3T3  cells  by  serum  components:  Reevaluation  of  the 
commitment  process.  Proc.  Natl.  Acad.  Sci.  USA  74:  4481-4485. 

Pledger,  W.J.,  Stiles,  C.D.,  Antoniades,  H.N.,  and  Scher,  C.D.  (1978)  An  ordered 
sequence  of  events  is  required  before  BALB/c-3T3  cells  become  committed  to 
DNA  synthesis.  Proc.  Natl.  Acad.  Sci.  USA  1978  75:  2839-2843. 

Pytela,  R.,  Pierschbacher,  M.D.,  and  Ruoslahti,  E.  (1985)  Identification  and  isolation  of 
a  140  kd  cell  surface  glycoprotein  with  properties  expected  of  a  fibronectin 
receptor.  Cell  40:  191-198. 

Pytela,  R.,  Pierschbacher,  M.D.,  Ginsberg,  M.H.,  Plow,  E.F.,  and  Ruoslahti,  E.  (1986) 
Platelet  membrane  glycoprotein  Ilb/IIIa:  member  of  a  family  of  Arg-Gly-Asp- 
specific  adhesion  receptors.  Science  231:1559-1562. 

Qui,  F„  Ray,  P„  Brown,  K„  Barker,  P.E.,  Jhanwar,  S.,  Ruddle,  F.R.,  and  Besmer,  P. 
(1988)  Primary  Structure  of  c-kit :  relationship  with  the  CSF-l/PDGF  receptor 
kinase  family-oncogenic  activation  of  v-kit  involves  deletion  of  extracellular 
domain  and  C  terminus.  EMBO  J.  7:1003-11 


14 


Raines,  E.W.,  Dower,  S.K.,  and  Ross,  R.  (1989)  Interleukin- 1  mitogenic  activity  for 
fibroblasts  and  smooth  muscle  cells  is  due  to  PDGF-AA.  Science  243:  393-396. 

Rappolee,  D.A.,  Mark,  D.,  Banda,  M.J.,  and  Werb,  Z.  (1988)  Wound  macrophages 
express  TGF-alpha  and  other  growth  factors  in  vivo:  analysis  by  mRNA 
phemotyping.  Science  241:  708-712. 

Rapraeger,  A.,  Jalkanen,  M.,  Bernfield,  M.F.  (1987)  in  Biology  of  proteoglycans,  ed. 
Wight,  T.N.,  Mecham,  R.P.  pp.  129-54.  Florida:  Academic.  400  pp. 

Rasmussen,  L.H.,  Carbarsch,  C.,  Chemnitz,  J.,  Christensen,  B.C.,  and  Lorenzen,  I.  (1989) 
Injury  and  impair  of  small  muscular  and  elastic  arteries.  Virchows  Archiv.  A 
Pathol.  Anat.  415:579-585. 

Rinderknecht,  E.  and  Humbel,  R.E.  (1976)  Polypeptides  with  nonsuppressible  insulin¬ 
like  and  cell  growth  promoting  activity  in  human  serum:  isolation,  chemical 
characterization  and  some  biological  properties.  Proc.  Natl.  Acad.  Sci.  USA  73: 
2365-2369. 

Rinderknecht,  E.  and  Humbel.  R.E.  (1978a)  Primary  structure  of  human  insulin-like 
growth  factor  II.  FEBS  Lett.  89:283-286. 

Rinderknecht,  E.  and  Humbel,  R.E.  (1978b)  The  amino  acid  sequence  of  human  insulin¬ 
like  growth  factor  I  and  its  structural  homology  with  preinsulin.  J.  Biol.  Chem. 
253:2769-2776. 

Roberts,  C.J.,  Birkenmeier,  T.M.  McQuillan,  J.J.,  Akiyama,  S.K.,  Yamada,  S.S.,  Chen, 
W.T.,  Yamada,  K.M.,  and  McDonald,  J.A.  (1988)  Transforming  growth  factor 
beta  stimulates  the  expression  of  fibronectin  and  of  both  subunits  of  the  human 
fibronectin  receptor  by  cultured  human  lung  fibroblasts.  J.  Biol.  Chem.  263: 
4586-4592. 

Rosenfeld,  R.G.  (1982)  Characterization  of  the  somatomedin-C/insulin-like  growth 
factor  (SM-C/IGF-I)  receptor  on  cultured  human  fibroblast  monolayers:  regulation 
of  receptor  concentrations  by  SM-C/IGF-I  and  insulin.  J.  Clin.  Endocrinol. 
Metab.  55:  434-440. 

Ross,  R.,  and  Glomset,  J.  (1976)  The  pathogenesis  of  atherosclerosis.  N.  Engl.  J.  Med. 
295:  369-420. 

Ross,  R.,  Raines,  E.W.,  and  Bowen-Pope,  D.F.  (1986a)  The  biology  of  platelet-derived 
growth  factor.  Cell  46:155-169. 

Ross,  R.  (1986b)  The  pathogenesis  of  atherosclerosis:  an  update.  N.  Engl.  J.  Med.  314: 
488-499. 


15 


Ross,  R.  (1987)  Platelet-derived  growth  factor.  Ann.  Rev.  Med.  38:  71-79. 

Ross,  R.,  Masuda,  J.,  Raines,  E.W.,  Gown,  A.M.,  Katsuda,  S.,  Sasahara,  M.,  Malden,  T., 
Masuko,  Hideyuki,  M,  and  Sato,  H.  (1990)  Localization  of  PDGF-B  protein  in 
macrophages  in  all  phases  of  atherosclerogenesis.  Science  248:  1009-1012. 

Roussel,  M.F.,  Dull,  T.J.,  Rettenmier,  C.W.,  Ralph,  P.,  Ullrich,  A.,  and  Sherr,  C.J.  (1987) 
Transforming  potential  of  the  c-fms  proto-oncogene  (CSF-I  receptor).  Nature 
325:  549-552. 

Roy,  S.,  Sala,  R.,  Cagliero,  E.,  and  Lorenzi,  M.  (1990)  Overexpression  of  fibronectin 
induced  by  diabetes  or  high  glucose:  phenomenon  with  a  memory.  Proc.  Natl. 
Acad.  Sci.  USA  87:  404-408. 

Rozengurt,  E.,  Stroobant,  P.,  Waterfild,  M.D.,  Deuel,  T.F.,  and  Keehan,  M.  (1983) 
Platelet-derived  growth  factor  elicits  cyclic  AMP  accumulation  in  Swiss  3T3 
cells:  role  of  prostaglandin  production.  Cell  34:  265-272. 

Rubin,  K.,  Hansson,  G.K.,  and  Ronnstrand,  L.  (1988)  Induction  of  b-type  receptors  for 
platelet-derived  growth  factor  in  vascular  inflammation:  possible  implications  for 
development  of  vascular  proliferative  lesions.  Lancet  8599:  1353-1356. 

Ruoslahti,  E.  and  Vaheri,  A.  (1974)  Novel  human  serum  protein  from  fibroblast  plasma 
membrane.  Nature  (Lond)  248:  789. 

Ruoslahti,  E.,  and  Pierschbacher,  M.D.  (1986)  Arg-Gly-Asp:  a  versatile  cell  recognition 
signal.  Cell  44:  517-518. 

Ruoslahti,  E.,  and  Pierschbacher,  M.D.  (1987)  New  perspectives  in  cell  adhesion:  RGA 
and  integrins.  Science  238:  491-497. 

Ruoslahti,  E.  (1988)  Fibronectin  and  its  receptors.  Ann.  Rev.  Biochem.  57:375-413. 

Salmon,  W.D.,  and  Daughaday,  W.H.  (1957)  A  hormonally  controlled  serum  factor 
which  stimulates  sulphate  receptor  incorporation  by  cartilage  in  vitro.  J.  Lab. 
Clin.  Med.  49:  825. 

Sambrook,  J.,  Fritch,  E.F.,  and  Maniatis,  T.  (1989)  Molecular  cloning,  a  label  manual. 
2nd  Ed.  Cold  spring  harbeor  lab  press. 

Saouaf,  R.,  Takasaki,  I.,  Eastman,  E.,  Chobanian,  A.V.  and  Brecher,  P.  (1991) 
Fibronectin  biosynthesis  in  the  rat  aorta  in  vitro.  J.  Clin.  Invest.  88:  1 182-1 189. 

Sara,  V.R.,  Uvnas-Moberg  K.,  Uvnas,  B.,  Hall,  K.,  Wetterberg,  L.,  Posloncec,  B.,  and 
Goiny,  M.  (1982)  The  distribution  of  somatomedins  in  the  nervous  system  of 


16 


the  cat  and  their  release  following  neural  stimulation.  Acta  Physiol.  Scand.  115: 
467-470. 

Sarzani,  R.,  Brecher,  P.,  and  Chobanian,  A.V.  (1989)  Growth  factor  expression  in  aorta 
of  normaltensive  and  hypertensive  rats.  J.  Clin.  Invest.  83(4):  1404-1408. 

Sarzani,  R.,  Arnaldi,  G.,  and  Chobanian,  A.  V.  (1991)  Hypertension-induced  changes 
of  platelet-derived  growth  factor  receptor  expression  in  rat  aorta  and  heart. 
Hypertension  17:  888-895. 

Schimpff,  R.M.,  Donnadieu,  M.,  and  Duval,  M.  (1980)  Serum  somatomedin  activity 
measured  as  sulphation  factor  in  peripheral  hepatic  and  renal  reins  in  normal 
mongrel  dogs:  early  effects  of  intravenous  injection  of  growth  hormone.  Acta 
Endocrinol.  93:  155-161. 

Schwander,  J.C.,  Hauri,  C.,  Zapf,  J.,  and  Froesch,  E.R.  (1983)  Synthesis  and  secretion 
of  insulin-like  growth  factor  and  its  binding  protein  by  the  perfused  rat  liver: 
dependence  on  growth  hormone  status.  Endocrinology  113:  297-305. 

Schwartz,  S.M.,  Campbell,  G.R.,  and  Campbell,  J.H.  (1986)  Replication  of  smooth 
muscle  cells  in  vascular  disease.  Circ.  Res.  58:  427-444. 

Scott,  C.D.,  Martin,  J.L.,  and  Baxter,  R.C.  (1985)  Production  of  insulin-like  growth 
factor  I  and  its  binding  protein  by  adult  rat  hepatocytes  in  primary  culture. 
Endocrinology  116:  1094-101. 

Seifert,  R.A.,  Hart,  C.E.,  Philips,  P.E.,  Forstrom,  J.W.,  Ross,  R.,  Murray,  M.J.,  and 
Bowen-Pope,  D.F.  (1989)  Two  different  subunits  associate  to  create  isoform- 
specific  platelet-derived  growth  factor  receptors.  J.  Biol.  Chem.  264:  8771-8778. 

Sheikh,  M.,  Chen,  Z.Z.,  Joshi,  S.,  Wang,  J.F.,  Nissley,  S.P.,  Burke,  G.T.,  Katsoyannis, 
P.G.,  and  Rechler,  M.M.  (1987)  Hybrid  molecules  containing  the  A-domain  of 
insulin-like  growth  factor  and  the  B-chain  of  insulin  have  increased  mitogenic 
activity  relative  to  insulin.  Biochem.  Biophys.  Res.  Commun.  149:  672-679. 

Shimokado,  K.,  Raines,  W.E.,  Madtes,  D.K.,  Barrett,  T.B.,  Benditt,  E.P.,  and  Ross,  R. 
(1985)  A  significant  part  of  macrophage-derived  growth  factor  consists  of  at 
least  two  forms  of  PDGF.  Cell  43:277-86. 

Sitaras,  N.M.,  Sariban,  E.,  Pantazis,  P.,  Zetter,  B.,  and  Antoniades,  H.N.  (1987)  Human 
liliac  artery  endothelial  cells  express  both  genes  encoding  the  chains  of  platelet- 
derived  growth  factor  (PDGF)  and  synthesize  PDGF-like  mitogen.  J.  Cell. 
Physiol.  132:  376-380. 

Sjolund,  M.,  Hedin,  U.,  Sejersen,  T.,  Hedin,  C.,  and  Thyberg,  J.  (1988)  Arterial  smooth 
muscle  cells  express  platelet-derived  growth  factor  (PDGF)  A  chain  mRNA, 


17 


secrete  a  PDGF-like  mitogen,  and  bind  exogenous  PDGF  in  a  phenotype-  and 
growth  state-dependent  manner.  J.  Cell  Biol.  106:  403-413. 

Smith,  E.B.,  and  Ashall,  C.  (1986)  Fibronectin  distribution  in  human  aortic  and 
atherosclerotic  lesion:  concentration  of  soluble  and  collagenase-released  fractions. 
Biochim.  Biophys.  Acta  880:  10-15. 

Smits,  A.,  Funa,  K.,  Vassbotn,  F.S.,  Beausang-Linder,  M.,  Ekenstam,  F.,  Heldin,  C.-H., 
Westermark,  B.  and  Nister,  M.  (1992)  Expression  of  Platelet-derived  growth 
factor  and  its  receptors  in  proliferative  disorder  of  fibroblastic  origin.  Am.  J. 
Pathol.  140:  639-648. 

Sporn,  M.B.,  Roberts,  A.B.,  Wakefield,  L.M.,  and  de  Crombrugghe,  B.  (1987)  Some 
recent  advances  in  the  chemistry  and  biology  of  transforming  growth  factor-beta. 
J.  Cell.  Biol.  105:  1039-1045. 

Sporn,  M.B.,  and  Roberts,  A.B.  (1988)  Peptide  growth  factors  are  multifunctional. 
Nature  (Lond.)  322:  217-219. 

Steele-Perkins,  G.,  Turner,  J.,  Edman,  J.C.,  Hari,  J.,  Pierce,  S.B.,  Stover,  C.,  Rutter,  W.J., 
and  Roth,  R.A.  (1988)  Expression  and  characterization  of  a  functional  human 
insulin-like  growth  factor  I  receptor.  J.  Biol.  Chem.  263(23):  11486-11492. 

Stenman,  S.,  Wartiovaara,  J.,  and  Vaheri,  A.  (1977)  Changes  in  the  distribution  of  a 
major  fibroblast  protein,  fibronectin,  during  mitosis  and  interphase.  J.  Cell  Biol. 
74:  453. 

Stenman,  S.  and  Vaheri,  A.  (1978)  Distribution  of  a  major  connective  tissue  protein, 
fibronectin,  in  normal  human  tissue.  J.  Exp.  Med.  147:  1054. 

Stenman,  S.,  Smitten,  K.V.,  and  Vaheri,  A.  (1980)  Fibronectin  and  atherosclerosis. 
Acta  Med.  Scand.  642:  165-170. 


Stiles,  C.D.,  Capone,  G.I.,  Sher,  C.D.,  Antoniades,  H.N.,  Van  Wyk,  J.J.,  and  Pledger, 
W.J.  (1979)  Dual  control  of  cell  growth  by  somatomedin  and  platelet-derived 
growth  factor.  Proc.  Natl.  Acad.  Sci.  USA  76:  1279-1283. 

Stroobant,  P.,  and  Waterfield,  M.D.  (1984)  Purification  and  properties  of  porcine 
platelet-derived  growth  factor.  EMBO  J.  3(12):  2963-2967. 

Sukhatme,  V.,  Kartha,  S.,  Toback,  F.G.,  Taub,  R„  Hoover,  R.G.,  and  Tsai-Morris,  C-H. 
(1987)  A  novel  early  growth  response  gene  rapidly  induced  by  fibroblast, 
epithelial  cell  and  lymphocyte  mitogens.  Oncogene  Res.  1:  343-355. 


Swan,  D.C.,  McBride,  O.W.,  Robbins,  K.C.,  Keithley,  D.A.,  Reddy,  E.P.,  and  Aaronson, 
S.A.  (1982)  Chromosomal  mapping  of  the  simian  sarcoma  virus  one  gene 


18 


analogies  in  human  cells.  Proc.  Natl.  Acad.  Sci.  USA  79:  4691-4695. 

Takasaki,  I.,  Chobanian,  A.V.,  Sarzani,  R„  and  Brecher,  P.  (1990)  Effect  of 
hypertension  on  fibronectin  expression  in  the  rat  aorta.  J.  Biol.  Chem.  265: 
21935-21939. 

Tannenbaum,  G.S.,  Guyda,  H.J.,  and  Posner,  B.I.  (1983)  Insulin-like  growth  factors:  a 
role  in  growth  hormone  negative  feedback  and  body  weight  regulation  via  brain, 
science  220:  77-79. 

Thyberg,  J.,  Palmberg,  L.,  Nilsson,  J.,  Ksiazek,  T.  and  Sjolund,  M.  (1983)  Phenotype 
modulation  in  primary  cultures  of  arterial  smooth  muscle  cells.  On  the  role  of 
platelet-derived  growth  factor.  Differentiation  25:  156-167. 

Thyberg,  J.,  Hedin,  U.,  Sjolund,  M.,  Palmberg,  L.,  and  Bottger,  B.A.  (1990)  Regulation 
of  differentiated  properties  and  proliferation  of  arterial  smooth  muscle  cells. 
Atherosclerosis  10:  966-990. 

Trahey,  M.,  and  McCormick,  F.  (1987)  A  cytoplasmic  protein  stimulates  normal  N-ras 
P21  GTPase,  but  does  not  affect  oncogenic  mutants.  Science  238:  542-545. 


Tricoli,  J.V.,  Rail,  L.B.,  Karakousis,  C.P.,  Herrera,  L.,  Petrell,  N.J.,  Bell,  G.I.,  and  Shows, 
T.B.  (1986)  Enhanced  levels  of  insulin-like  growth  factor  messenger  RNA  in 
human  colon  cancers  and  liposarcomas.  Cancer  Res.  46(12  Pt  1):  6169-6173. 


Ullrich,  A.,  Gray,  A.,  Tam,  A.W.,  Yang-Feng,  T„  Tsbokawa,  M.,  Collins,  C„  Henzel,  W., 
Le  Bon,  T.,  Kathuria,  S.,  Chen,  E.,  Jacobs,  S.,  Francke,  U.,  Ramachandran,  J., 
and  Fujita-Yamaguichi,  Y.  (1986)  Insulin-like  growth  factor  I  receptor  primary 
structure:  comparison  with  insulin  receptor  suggests  structural  determinants  that 
define  functional  specificity.  EMBO  J.  5:  2503-2512. 

Vaheri,  A.,  and  Ruoslahti,  E.  (1975)  Fibroblast  surface  antigen  produced  but  not 
retained  by  virus-transformed  human  cells.  J.  Exp.  Med.  142:  530-535. 

Vaheri,  A.,  Ruoslahti,  E.,  Westermark,  B.,  and  Ponten,  J.  (1976)  A  common  cell-type 
specific  surface  antigen  in  cultured  human  glial  cells  and  fibroblasts:  loss  in 
malignant  cells.  J.  Exp.  Med.  143:  64-72. 

Virchow  R  von.  Phlogose  und  Thrombose  im  Gefass-System.  (1856)  Gesammelte 
Abhandlungen  zur  wissenschaftlichen  Medizin.  Frankfurt,  Meidinger. 

Walker,  L.N.,  Bowen-Pope,  D.F.,  Ross,  R.,  and  Reidy,  M.A.  (1986)  Production  of 
platelet-derived  growth  factor-like  molecules  by  cultured  arterial  smooth  muscle 
cells  accompanies  proliferation  after  injury.  Proc.  Natl.  Acad.  Sci.  USA  83- 
7311-7315. 


19 


Waterfieid,  M.D.,  Heldin,  C.H.,  Huang,  J.S.,  and  Deuel,  H.L.  (1983)  Platelet-derived 
growth  factor  is  structurally  related  to  the  putative  transforming  protein  p28sis 
of  simian  sarcoma  virus.  Nature  304(5921):  35-39. 

Weidman,  E.R.,  Atkinson,  P.,  and  Bala,  R.M.  (1979)  Production  of  somatomedin  and 
mitogenic  effects  of  somatomedin  on  human  fibroblasts.  Presented  at  the  61st 
meeting  of  the  Endocrine  Society,  Anaheim,  California,  June  13-15. 

Whitman,  M.,  Downes,  C.P.,  Keeler,  M.,  Keller,  T.,  and  Cantley,  L.C.  (1988)  Type  I 
phosphatidylinositol  kinase  makes  a  novel  inositol  phospholipid. 
phosphatidylinositol-3-phosphate.  Nature  332:  644-646. 

Wilcox,  J.N.,  Smith,  K.M.,  Schwartz,  S.M.,  and  Gordon,  D.  (1988)  Platelet-derived 
growth  factor  mRNA  detection  in  human  atherosclerotic  plaques  by  in  situ 
hybridization.  J.  Clin.  Invest.  82:1134-1143. 

Wilcox,  J.N.,  and  Gordon,  D.  (1990)  Local  production  of  platelet-derived  growth  factor 
in  the  human  atherosclerotic  plaque.  In:  growth  factors,  Differentiation  Factors, 
and  Cytokines.  Ed.  Habenicht,  A.  pp.  305-23.  Springer-Verlag,  Berlin. 

Williams,  L.T.,  Tremble,  P.M.,  Lavin,  M.F.,  and  Sunday,  M.E.  (1984)  Platelet-derived 
growth  factor  receptors  from  a  high  affinity  state  in  membrane  preparations. 
Kinetics  and  affinity  cross-linking  studies.  J.  Biol.  Chem.  259:  5287-5294. 

Williams,  L.T.  (1989)  Signal  transduction  by  the  Platelet-derived  growth  factor  receptor. 
Science  243:  1564-1570. 

Winkles,  J.A.,  Friesel,  R.,  Burgess,  W.H.,  Howk,  R.,  Mehlman,  T.,  Weinstein,  R.,  and 
Maciag,  T.  (1987)  Human  vascular  smooth  muscle  cells  both  express  and 
respond  to  heparin-binding  growth  factor  I  (endothelial  cell  growth  factor).  Proc. 
Natl.  Acad.  Sci.  USA  84:  7124-7128. 

Yamada,  K.M.,  and  Pastan,  I.  (1976)  Cell  surface  protein  and  neoplastic  transformation. 
Trends  Biochem.  Sci.  1:  222-224. 

Yarden,  Y.,  Escobedo,  J.A.,  Kuang,  W.J.,  Yang-Feng,  T.L.,  Daniel,  T.O.,  Tremble,  P.M., 
and  Chen,  E.T.  (1986)  Structure  of  the  receptor  for  platelet-derived  growth 
factor  helps  define  a  family  of  closely  related  growth  factor  receptor.  Nature 
323:  226-232. 

Zapf,  J.,  Schoenle,  E.,  and  Jagars,  G.,  Sand,  I.,  Grunwald,  J.,  and  Froesch,  E.R.  (1979) 
Inhibition  of  the  activity  of  non-suppressible  insulin-like  activity  on  isolated  rat 
fat  cells  by  binding  to  its  carrier  protein.  J.  Clin.  Invest.  63:  1077-1084. 

Zapf,  J.,  Morrell,  B.,  Walter,  H.,  Laron,  Z.,  and  Froesch,  E.R.  (1980)  Serum  levels  of 
insulin-like  growth  factor  (IGF)  and  its  carrier  protein  in  various  metabolic 


20 


disorders.  Acta.  Endocrinol.  95:  505-517. 


Zapf,  J.,  Born,  W.,  Chang,  J-Y.,  James,  P.,  Froesch,  E.R.,  and  Fischer,  J.A.  (1988) 
Isolation  and  NH2-terminal  amino  acid  sequences  of  rat  serum  carrier  proteins  for 
insulin-like  growth  factors.  Biochem.  Biophys.  Res.  Commun.  156(3):  1187- 
1194. 


